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"It is not so much what man is that counts as it is what he ventures to make of 
himself. To make the leap he must do more than disclose himself; he must risk a 
certain amount of confusion. Then, as soon as he does catch a glimpse of a different 
kind of life, he needs to find some way of overcoming the paralyzing moment of 
threat, for this is the instant when he wonders who he really is - whether he is what 
he just was or is what he is about to be." 
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The focus of this thesis is to study the evolution of enzyme specificity, and the 
application of evolutionary theory to the design of enzymes with desirable 
characteristics for industry. The approach presented here, applied to the heme 
peroxidases, marries bioinformatic methods with evolutionary theory and 
biochemical validations.  
 
Heme peroxidases catalyse the oxidation of a variety of electron donors by hydrogen 
peroxide. These enzymes can be classified into two major families that arose from 
independent evolutionary events; the plant and the animal peroxidases. The first 
results chapter, Chapter 2, deals with the animal (mammalian) heme peroxidases 
known collectively as the MHP. Four main superfamilies of MHP have been 
classified; myeloperoxidase (MPO), eosinophil peroxidase (EPO), lactoperoxidase 
(LPO) and thyroid peroxidase (TPO).These comprise a functionally diverse 
multigene family of enzymes associated with such diseases as asthma, Alzheimer’s 
disease and inflammatory vascular disease. This study has determined how the 
enzymes in the multigene family of MHP are related. The order of gene duplication 
events has been traced, with an MPO-EPO-LPO most recent common ancestor 
(MRCA) arising from a gene duplication with extant TPO. A further duplication 
event gave rise to (i) the MPO-EPO MRCA, and (ii) the lineage leading to extant 
LPO. The final and most recent duplication of the MPO-EPO MRCA resulted in the 
extant MPO and EPO clades. This phylogeny was subsequently used to predict the 
amino acids that have most likely contributed to each of the diverse functions of 
MHP. Positively selected sites have been identified, through the use of Bayesian 
estimation, unique to all four MHP. Using MPO as a case study, in vitro analyses on 
the impact of mutating these positions, specifically mutants Y500F and L504T, 
indicates a disruption to the biosynthesis and loss of enzymatic activity in our 
mutants supporting our in silico predictions. This work is described in results 
Chapter 3. Finally, Chapter 4 details the analysis of ancestral protein reconstruction 
within the plant peroxidase gene family.  The phylogeny of plant peroxidases had 
previously been resolved; this allowed for the generation of the ancestral enzyme, 
estimated age approx. 113 million years old. This enzyme was cloned, expressed and 
found to be active. Catalytic and stability properties of this unique enzyme have been 
ascertained. Together, these analyses provide a valuable insight into enzyme function 
through molecular evoultionary analyses of sequence data and serve to bridge the 












1.1 Heme Peroxidases 
 
Heme peroxidases (EC 1.11.1.X) are a ubiquitous subset of enzymes capable of 
catalysing the oxidation of a variety of electron donors by hydrogen peroxide (H2O2). 
The basic enzymatic action of heme peroxidases follows the reaction: 
 
! 
donor + H2O2 =  oxidised donor + 2H2O Eqn.  1 
 
where the donor is an H2O2 oxidoreductase (Barman 1969). The classic peroxidase 
cycle, undertaken by all heme peroxidases, follows a series of oxidative reactions. The 
native ferric enzyme (porphyrin Fe(III)) form is oxidised to compound I (Fe(IV)=O and 
porphyrin radical cation), which in turn is reduced (one electron reduction) to form 
compound II (Fe(IV)=O), which, upon further reduction (one electron reduction) is 
converted back to the native state. Common reducing substrates include phenols and 
anilines. Both compound I and II are oxidised intermediate forms of the native enzyme 
and are powerful oxidants. In the presence of excess H2O2, the native enzyme state and 
compound II may be reduced to the resting state, compound III (Dunford 1999). An 
alternative to the peroxidase cycle is the halogenation cycle (Furtmüller et al. 2006). 
Compound I has the ability to oxidise halide ions including Cl-, Br- and I-, resulting in 
the halogenating agents HOX, where X corresponds to Cl, Br or I. See Figure 1.1 for a 
schematic representation of the classic peroxidase and halogenation cycles. 
 
Based on sequence homology peroxidases can be classified into two major families, the 
animal peroxidases and those peroxidases present in bacteria, fungi and plants, referred 
to hereafter as the plant peroxidase superfamily (Passardi et al. 2007a). Both animal and 
plant superfamilies are thought to have arisen from two independent evolutionary events 
(O'Brien 2000).  
 
The conserved active site present in all heme peroxidases contains a heme-based 
prosthetic group. This prosthetic group in plant peroxidases is a ferriprotoporphyrin IX 
 2 
 
Figure 1.1. Peroxidation and halogenation cycles. The classic peroxidase cycle can be 
seen with the oxidation of native enzyme by hydrogen peroxide (H2O2) to form 
compound I, followed by further oxidation to compound II with reversion back to the 
native enzyme. Depending on substrate availability, after the oxidation of native enzyme 
to compound I, the halogenation pathway/cycle may be entered as depicted by the 
oxidation of compound I by the halide ion, Cl-, resulting in the generation of 
hypochlorous acid (HOCl). This is the predominant pathway for MPO. AH2 and •AH 
represent the oxidisable substrate and its oxidized product respectively. Por = porphyrin, 
e- = electron. Adapted from (Arnhold 2004). 
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group whereas in animals it is a covalently bound heme; this difference in prosthetic 
groups is used to distinguish between plant and mammalian heme peroxidases (MHP) 
(Metcalfe et al. 2004).  For MHP, the heme is joined via two linkages (Glu and Asp; 
conserved in all MHP) (Furtmüller et al. 2006). For one of the MHP members, 
myeloperoxidase (MPO), in addition to the two ester linkages, the heme is also joined 
via one sulfonium ion linkage at position 409 (Met) (Furtmüller et al. 2006). This unique 
threefold linkage is thought to be associated with MPO’s unique chlorination activity 
(Kooter et al. 1999). Calcium ions are also linked to the heme-binding region via a 
network of hydrogen bonds, which are fundamental to the structure and in turn function 
of heme peroxidases (Dunford 1999; Furtmüller et al. 2006). The activity of peroxidases 
is dependent on the presence and correct conformation of the heme group (Neves-
Petersen et al. 2007). See Figure 1.2 for illustration of the chemical structure of plant 
and animal heme groups and their different oxidative states. 
 
1.1.1 Animal/Mammalian heme peroxidases 
 
Four main superfamilies of mammalian heme peroxidases (MHP) have been classified; 
myeloperoxidase (MPO), eosinophil peroxidase (EPO), lactoperoxidase (LPO) and 
thyroid peroxidase (TPO).  MPO, EPO and LPO have key roles in anti-microbial and 
innate immune responses, whereas, TPO is involved in thyroid hormone biosynthesis 
(Ruf, Carayon 2006). A study on the structure-function relationships of human heme 
peroxidases suggests that TPO evolved independently of MPO, EPO and LPO, and that 
these three members of the MHP share a common ancestral gene (Sakamaki et al. 2000; 
Sakamaki, Ueda, Nagata 2002; Furtmüller et al. 2006). The evolutionary relationships 
between these functionally diverse mammalian peroxidases can be resolved using 
molecular/sequence data. This analysis has been performed as outlined in results chapter 
2.  
 
Human MPO, EPO and LPO are all located within the same chromosomal region, the 




Figure 1.2.  Peroxidase heme groups. (a) On the left is the prosthetic heme group 
present in plant heme peroxidases. On the right is the covalently linked heme group of 
animal/mammalian heme peroxidases with the conserved two ester linkages (Glu and 
Asp) shown and the sulfonium ion linkage present only in MPO (Met). (b) The oxidised 
heme group for the compound I and compound II intermediates can be seen on the left 




chromosome 2. MHP proteins are expressed in various tissues, with their respective 
biological function dependent on cellular location (see Table1.1). Their chromosomal 
locations support the hypothesis that MPO, EPO and LPO share a most recent common 
ancestor (MRCA) and that this MRCA arose from a gene duplication event with the 
ancestor of extant TPO (Sakamaki et al. 2000; Sakamaki, Ueda, Nagata 2002; 
Furtmüller et al. 2006). This hypothesized relationship is depicted graphically in Figure 
1.3. 
 
1.1.2 In vivo biological function of mammalian heme peroxidases 
 
TPO’s primary function is in the biosynthesis of thyroid hormones, where it oxidises the 
naturally occurring iodide ion (I-) allowing for the subsequent incorporation of iodine 
into thyroglobulin. This protein is then used by the thyroid gland to produce thyroid 
hormones (Ruf, Carayon 2006). The oxidants generated by MPO, EPO and LPO are 
crucial in the innate immune responses of the body, i.e. defending the body against 
disease. The roles of MPO, EPO and LPO in host defence have been extensively 
reviewed (Reiter 1978; deWit, vanHooydonk 1996; Hampton, Kettle, Winterbourn 
1998; Meeusen, Balic 2000; Davies et al. 2008). 
 
MPO is a major constituent of the azurophilic granules of polymorphonuclear 
neutrophils (PMNs). The majority of H2O2 generated by neutrophils is believed to be 
consumed during the peroxidation/halogenation action of MPO. The killing of bacteria 
by neutrophil-derived MPO is crucial in first-line defence against bacterial infection. 
Studies on MPO-knockout mice have shown increased bacterial infection susceptibility 
with respect to wild type mice (Aratani et al. 1999; Chen, Row, Hong 2002). In 
comparison to the other members of the MHP family, MPO has a unique function in 
oxidising chloride. This results in the generation of the potent cytotoxic agent 
hypochlorous acid (HOCl). Such chlorinating activity is considered to be MPO’s 
predominant function in neutrophil-derived bactericidal action (Davies et al. 2008). 
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Table 1.1: Mammalian heme peroxidase features and functions. (Adapted from 








Tissue Expression Biological Function 
MPO (1.11.1.7) 17 Neutrophils, mono-nuclear phagocytes Microbicidal activity 
EPO (1.11.1.7) 17 Eosinophils Microbicidal activity 
LPO (1.11.1.7) 17 Milk, saliva, tears and other secretions 
Bacteriostatic and 
bactericidal activity 




MPO = Myeloperoxidase; EPO = Eosinophil peroxidase; LPO = Lactoperoxidase; TPO 




Figure 1.3. Hypothetical relationship between MHP. It has been hypothesised that 
that MPO, EPO and LPO share a most recent common ancestor (MRCA) and that this 
MRCA arose from a gene duplication event with the ancestor of extant TPO (Furtmüller 
et al. 2006). The questions remaining, which are addressed in this thesis (chapter 2), are 
(i) how are the three enzymes that are believed to share a MRCA relate to each other, (ii) 
what is the true evolutionary relationship of the entire MHP multigene family and (iii) 
how have their function diversified?  
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The white blood cells known as eosinophils contain EPO, and are known to play a major 
role in combating parasite and viral infections (Klebanoff, Coombs 1996; Meeusen, 
Balic 2000). EPO is exclusively expressed in eosinophils; see Table 1.1. Isolated EPO in 
the presence of H2O2 and halide ions has the ability to kill invading parasites and has 
also been shown to be virucidal towards human immunodeficiency virus type I (HIV-I) 
(Jong, Mahmoud, Klebanoff 1981; Klebanoff, Coombs 1996; Davies et al. 2008).  
 
LPO is present in secretions from mammary, salivary and mucosal glands (Tenovuo 
1985). LPO is known to play a major role in innate immune defence through the 
generation of natural bactericidal agents in milk, saliva and other secretions (Reiter 
1978; Thomas et al. 1983; deWit, vanHooydonk 1996). LPO is also present in the 
airway mucosa and studies have highlighted its role in protecting the body against 
inhaled toxins and particles (Gerson et al. 2000; Conner, Salathe, Forteza 2002; Davies 
et al. 2008). 
 
1.1.3 Health implications 
 
Genetic abnormalities of MHP genes have been shown to result in deficient disease 
states. This is reflected by inherited MPO deficiency in the case of MPO and total iodide 
organification defect (TIOD) in the case of TPO. The genotypes of a large number of 
patients diagnosed with MPO deficiency have revealed the causative missense mutations 
(Nauseef, Brigham, Cogley 1994; Nauseef, Cogley, McCormick 1996; Romano et al. 
1997; DeLeo et al. 1998; Ohashi et al. 2004; Persad et al. 2006; Goedken et al. 2007). In 
depth analyses on the cellular fate of these mutants in vitro has been carried out 
previously (Nauseef, Cogley, McCormick 1996; DeLeo et al. 1998; Goedken et al. 
2007). Further details on MPO deficiency and associated polymorphisms are discussed 
in Chapter 3 of this thesis. Similarily, TPO deficiency is strongly linked to the heritable 
TIOD, which causes goitrous congenital hypothyroidism (Nascimento et al. 2003; 
Tajima, Tsubaki, Fujieda 2005). It has been highlighted that extensive analyses of the 
TPO gene is required for those diagnosed with TIOD to better understand this genetic 
defect (Fugazzola et al. 2005). 
 9 
Although MPO, EPO and LPO have an important influence on the body’s innate 
immune responses, their generated oxidants can also have an adverse effect by causing 
tissue damage (sometimes severe), resulting in the initiation and progression of various 
degenerative and inflammatory disease states such as multiple sclerosis and rheumatoid 
arthritis, as discussed by Petrides and Nauseef (2000) and Davies et al. (2008). 
 
MPO is implicated in many pathologies including cardiovascular disease, Alzheimer’s 
disease (AD) and some cancers (Reynolds et al. 1997; Reynolds et al. 2000; Lau, Baldus 
2006). MPO activity has been detected in all grades of atherosclerotic lesions of humans, 
and has been used as a marker in predicting early risk myocardial infarctions (Daugherty 
et al. 1994; Heinecke 1999; Baldus et al. 2003; Brennan et al. 2003; Nicholls, Hazen 
2005; Lau, Baldus 2006). Experimental analysis has detected high levels of MPO in the 
shoulder regions of the body, which is a common site for rupture (Daugherty et al. 
1994). MPO-derived oxidants have been to shown to promote oxidation of low-density 
lipoprotein (LDL), which can enhance atherosclerosis (Hazell, Stocker 1993; Heinecke 
1997). Studies have also indicated that MPO-derived oxidants (namely HOCl) can result 
in plaque erosion/rupture and thrombogenesis, as evidenced by the colocalisation of 
MPO and related oxidised proteins in the lesions of patients that have experienced 
sudden cardiac death (Sugiyama et al. 2001; Sugiyama et al. 2004). 
 
High levels of MPO have been detected in the brains of patients with diseases such as 
AD and Parkinson’s disease, suggesting that MPO-derived oxidants may be involved in 
the progression of neurodegenerative diseases (Reynolds et al. 1999; Green et al. 2004; 
Yap, Whiteman, Cheung 2007). Insoluble !-amyloid plaques deposits are characteristic 
of AD. MPO protein has been shown to colocalise with !-amyloid proteins, suggesting 
that MPO promotes the aggregation of these senile plaques and that its derived oxidants 
are potentially damaging to brain tissue (Reynolds et al. 1999; Green et al. 2004). 
 
Sites of inflammation, which are clearly associated with cell killing by oxidants, may 
display a compensatory increase in division of the surviving cells and thus possess an 
increased risk in the development of cancer. MPO expression has been shown to act as a 
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prognostic marker for different myeloid leukemias (Matsuo et al. 2003). LPO has also 
been proposed to be involved in the development of cancers, specifically breast 
carcinogenesis, due to its associated oxidation of estrogenic hormones and of proteins 
present in breast milk (Josephy 1996; Cavalieri et al. 1997). 
 
EPO and EPO-derived oxidants hold strong associations with asthma and allergic 
diseases, as do eosinophil cells themselves (Mitra, Slungaard, Hazen 2000). Levels of 
EPO are used as a clinical marker for determining the severity of asthma in patients (Rao 
et al. 1996; Sanz et al. 1997; Parra et al. 1999). Severe asthmatics have been shown to 
have significantly higher levels of EPO than those detected in mild to moderate patients, 
suggesting that EPO-derived oxidants may play an important role in lung damage. MPO 
has also been associated with severe asthmatic patients suffering from bacterial 
infections (Tauber et al. 1999). 
 
In summary, although the potent cytotoxic oxidants generated by these enzymes are 
capable of bactericidal and virucidal action they have also been associated with many 
pathologies due to their oxidative damage to tissue. This adverse action has allowed for 
the use of their expression levels as clinical markers for the initiation and progression of 




PeroxiBase (http://peroxibase.isb-sib.ch) is a publicly available database that houses all 
known/available peroxidase (EC 1.11.1.X) sequences  (complete and/or partial) and was 
the first repository devoted to a superfamily composed of multigene families (Bakalovic 
et al. 2006; Passardi et al. 2007b; Koua et al. 2009; Oliva et al. 2009). It was first 
established in 2004 at the University of Geneva, Switzerland as a repository for only 
class III plant peroxidases. The database centralized most of the annotated and non-
annotated class III peroxidases, making them publicly available to the research 
community and providing putative functional information. Early versions of the database 
allowed external persons to deposit peroxidase sequences easily and directly. However, 
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this allowed for increased redundancy in the database, which prompted sequence entry 
restrictions in later versions, whereby PeroxiBase curators verify external contributions 
prior to inclusion in the repository. 
 
Since its inception, PeroxiBase has been expanded with the aim of including all 
peroxidases, both heme (haem) and non-heme (non-haem), from prokaryotes and 
eukaryotes. At present, the database houses 7,118 peroxidases, and is updated 
periodically. PeroxiBase has allowed for the development of a consistent and standard 
nomenclature for the various peroxidases. Any discrepancies regarding the nomenclature 
in previous literature and databases have been accounted for by conserving previous 
identifiers within PeroxiBase. The database has seen a number of developments over the 
last five years that have provided useful tools and facilities for analysing the stored 
sequences. Researchers can browse the repository using specified criteria based on 
‘Classes’, ‘Organisms’, ‘Cellular localizations’, ‘Inducers’, ‘Repressors’ and ‘Tissue 
Types’. Sequences can be retrieved from the database in FASTA format for further 
independent analyses. Selected sequences may be searched against the database under 
the multi-criteria search tools and using the incorporated scanning tools (e.g. the 
standard sequence similarity search algorthim BLAST and PeroxiScan, which searches 
for peroxidase domains, are both fully integrated into the database). The database is 
linked to various other protein and DNA repositories (e.g. SWISS-PROT, NCBI) 
allowing for cross-referencing of data and routine updating/collating of sequences. 
PeroxiBase provides a powerful tool for efficiently analysing these ubiquitous enzymes. 
 
1.1.5 Plant heme peroxidases 
 
The other heme peroxidase superfamily, i.e. those of bacteria, fungi and plants, has been 
subdivided into three major groups: classes I (peroxidases of prokaryotic origin); II 
(secreted fungal peroxidases); and III (secretory plant peroxidases). Studies have been 
undertaken to determine the phylogenetic relationships within the plant heme 
peroxidases (Duroux, Welinder 2003; Zamocky 2004). Durox and Welinder sought to 
elucidate the evolutionary relationship amongst the class III secretory plant peroxidase, 
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of which horseradish peroxidase (HRP) and soybean peroxidases (SBP) are members 
(Duroux, Welinder 2003). The relationships between the class III plant heme 
peroxidases was based on function (cell wall metabolism and defence in the case of 
plants). The resultant phylogeny suggests that the emergence of these class III 
peroxidases was in response to the selective pressure placed on the ancestral plant on 
colonizing land (Duroux, Welinder 2003; Veitch 2004). The class III plant heme 
peroxidases, HRP and SBP, are the plant representatives used in this thesis.  
 
1.1.6 In vivo biological function of plant peroxidases 
 
Various physiological functions for plant peroxidases have been suggested such as the 
removal of H2O2, reduction of toxic reductants, defence against pathogens and both the 
synthesis (lignification) and degradation of lignin present in cells walls (Grisebach 1981; 
Mäder, Füssl 1982; Espelie, Franceschi, Kolattukudy 1986; Ye, Pan, Kuc 1990), 
(Lagrimini 1991; Dowd, Lagrimini 1997; Yoshida et al. 2003). An essential biological 
role for plant peroxidases  is the stiffening (lignification) of cell walls resulting from the 
formation of bridged cell wall polymers (Fry 1986). SBP is isolated from the seed coat 
of the soybean plant, whereas HRP is found in the horseradish plant, with predominant 
isolation from the plants roots (Veitch 2004). HRP occurs as a family of isoenzymes, 
with up to 40 types being detected (A-E). HRP C and HRP A2 are the two most 
abundant isoenzymes, with the former accounting for almost half of the peroxidase 
activity in the root (Hiner et al. 2001; Carvalho et al. 2007). The in vivo physiological 
functions of plant peroxidases are not well known; however, their potential applications 
within biomedical and industral settings are vast.  Their most traditional application are 
in biosensor/enzyme-linked immunoassay technologies and industrial bioremediation. 
 
1.1.7 Biomedical and industrial applications 
 
HRP and SBP enzymes are readily used in both the biopharmaceutical/biomedical and 
biotechnology sectors and their applications in these sectors have been reviewed recently 
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(Ryan, Carolan, O'Fagain 2006). One of the most common applications of these plant 
peroxidases is in biosensors/enzyme-linked immunoassays. These applications have 
exploited the HRP function in detection of H2O2 and various other compounds through 
the use of coupled enzyme reactions (Frey et al. 2000). HRP provides a convenient and 
sensitive system in biosensing technologies due to its capacity to repeatedly cycle the 
reaction from substrate to product (Dotsikas, Loukas 2004). HRP has been the widely 
used as the enzyme of choice in such biosensing applications; however, SBP is fast 
approaching the forefront of such technologies due to its catalytic and stability 
properties, particularly for use in chemiluminescent enzyme-linked immunosorbent 
assay (CL-ELISA). HRP has been used as an enzymatic label for such techniques, 
however, its efficent activation (oxidation of luminol resulting in chemiluminescence) 
requires the addition of enhancers. These enhancers result in increased 
chemiluminescent intensity, which gradually degrades over time due to enzymatic 
inactivation by reaction by-products. SBP has recently been shown to oxidise luminol in 
the absence of enhancers without being inactivated by reaction products, resulting in a 
long-term chemiluninescent signal (Sakharov 2001; Sakharov, Alpeeva, Efremov 2006; 
Sakharov et al. 2010). 
 
An important industrial application of plant heme peroxidases is in detergents and for 
decontamination (bioremediation) (Hiner et al. 2001; Wagner, Nicell 2002; Ryan, 
Carolan, O'Fagain 2006). Phenolic solutions are common in the effluents of many 
industries (Patterson 1985). Plant heme peroxidases, in the presence of H2O2, have been 
shown to promote the oxidation of a variety of phenolic compounds (Karam, Nicell 
1997). However, such applications are limited, primarily due to the enzyme’s stability in 
the presence of its primary substrate H2O2. Excess H2O2 is toxic to the enzyme, an action 
referred to as substrate suicide inactivation (Valderrama, Ayala, Vazquez-Duhalt 2002).  
 
The major shortcoming for such applications is that they require these plant peroxidases 
to work efficently under harsh operational conditions. Much work has been carried out 
to enhance enzyme stability with the aim of preventing substrate suicide inactivation and 
thermal inactivation. In particular, HRP C has been studied extensively in the 
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improvement of its operational/catalytic performance in many sectors. Much work has 
been directed towards protein engineering, with particular emphasis on the site-directed 
mutagenesis of recombinant HRP C, which has yielded promising results in terms of 
enzymatic stability (Tanaka et al. 1997; Savenkova, Ortiz de Montellano 1998; Ryan, 
O'Connell, O'Fagain 2008; Ryan, O'Fagain 2008) Enzyme immobilisation has also been 
investigated in improving the enzymes operational stability. Co-immobalisation of HRP 
(and also SBP) with glucose oxidase enhances the plant peroxidase’s oxidation stability 
(van de Velde, van Rantwijk, Sheldon 2001).  
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1.2 Protein Synthesis 
 
Protein-coding genes/sequences in prokaryotes and eukaryotes are markedly different in 
several respects. Primarily, proteins in prokayotes are encoded by a continuous stretch of 
nucleotide triplet codons. In contrast, eukaryotic protein-coding genes consist of both 
coding (exons) and non-coding (introns) sections.  The exonic regions consist of triplet 
codons. Eukaryotic proteins are encoded by genes (DNA) through a series of events, 
specifically transcriptions and RNA processing (nucleus) and translation (cytoplasm).  
 
1.2.1 Transcription, translation and post-translational modifications 
 
The inital step in the process is the generation of the short-lived intermediate 
transcription product, messenger RNA (mRNA). Transcription from DNA to mRNA is 
facilitated by RNA polymerases and transcription factors. The primary RNA transcripts 
consists of both intron and exon regions. RNA splicing and processing results in a 
mature mRNA transcript, where the intronic sections are excised from the transcript to 
make mRNA viable for translation. 
 
Translation is essentially the conversion of the mature mRNA transcript into a functional 
polypeptide/protein.  Mature mRNA is exported to the cytoplasm where it is translated 
by ribosomes. The ribosome first dissociates into its 40S and 60S subunits. Translation 
initiation factors bind to the mRNA and associate with Met transfer RNA (tRNA), which 
in turn bind to the 40S subunit resulting in the formation of the pre-initiation complex. 
This in turn binds with the 60S subunit to form the 80S ribosome complex which scans 
the 5' untranslated region for the start codon. Initiation factors are then released allowing 
translation to begin. The ribosome moves along the mRNA strand towards the 3'  region, 
translating each codon into its corresponding amino acid and synthesising the 
polypeptide chain (elongation) until the final stop codon is reached (termination). 
 
Once translation is complete, the protein undergoes a series of processing events to 
generate a fully folded and functional protein. These are known as posttranslational 
 16 
modifications. The endoplasmic reticulum (ER) and Golgi apparatus are predominantly 
the intracellular locations where post-translation modifications occur. Molecular 
chaperone proteins assist in the folding and transport of many proteins. The addition of 
many chemical groups to the translated protein is essential for correct folding. The ER is 
the site of many modifications such as glycosylation and phospholipid biosynthesis, 
where sugar and lipids groups are attached during the synthesis of the protein. 
Disulphide bond formation is critical for stabilisation of the folded functional protein. 
Phosphorylation and dephosphrylation of proteins  is essential regulating the activity of 
proteins. The Golgi is the sorting centre of the cell where proteins are targeted and 
packaged/stored into different vesicles and organelles. 
 
1.2.2 Mutations  
 
Mutations in the genomic sequence may alter the encoded protein, with three alternative 
outcomes; no change to the underlying protein function, loss of function or a functional 
change. Mutations can be induced (e.g. due to viruses, mutagenic chemical) or 
spontaneous (due to errors during DNA replication or meiosis). There are various types 
of mutations. Typically, point mutations can be classified as silent/synonymous (no 
change to the amino acid coded), missense (code for a different amino acid) and 
nonsense (can code for a premature stop codon and can result in protein truncation). 
Amino acid altering point muations may also be referred to collectively as non-
synonymous substitutions and may have beneficial or indeed detrimental consequences 
for the functional protein. Insertions and deletions in the genomic sequence may also 
occur which disrupt the reading frame (frameshift) and mRNA splicing, altering the 
gene product. Chromosomal translocations and inversions have been associated with 
various disease states including many cancers, Down syndrome and schizophrenia 




1.3 Molecular Evolution and Phylogenetics 
 
The end of the 20th century heralded the rise of the field of molecular evolution. 
Advances in genomics and bioinformatics and the advent of whole-genome sequencing 
have allowed for a remarkable increase in the study of evolution from a molecular 
perspective. Evolutionary comparative genomics is a powerful tool for identifying the 
similarities (and, indeed, differences) among genomes and, in turn, provides a 
framework for understanding the divergence of biological function and the development 
of specificities.  
 
1.3.1 Gene Duplication  
 
Evolution is greatly influenced by gene duplication, which is believed to be the principal 
source of new genes (Ohno 1970). New genes may also arise from genes through 
recombination (Long et al. 2003). De novo gene synthesis from non-coding DNA is a 
rare source of new genes (Knowles, McLysaght 2009). Selective pressures and mutation 
act on existing genes over time during duplication. It has been proposed that the process 
of gene duplication has three possible outcomes. Gene duplicates (i) may become 
functionally redundant (Nowak et al. 1997), (ii) the divergence of function may occur 
through neofunctionalisation (Hughes 1999) where substitutions accumulate that 
generate a novel function or (iii) subfunctionalisation may occur, where the function of 
the ancestral protein is partitioned between the duplicates (Lynch, Force 2000). The 
events following the process of gene duplication are key to the evolution of specificity 
of divergent multigene families, such as the MHP. 
 
Two of the most important mechanisms driving evolution are genetic drift and natural 
selection. Genetic drift is an entirely random process (random genetic drift), which 
generates genetic diversity whereas natural selection removes genetic diversity by 
selecting those mutants that have increased fitness in a given set of 
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conditions/environment and by removing from the population those mutants that 
decrease the fitness of the organism. 
1.3.2 Random Genetic Drift  
 
In the late 1960s Kimura proposed that the majority of molecuar changes in evolution 
are due to random genetic drift of selectively neutral mutations (Kimura 1968). Genetic 
drift is an important feature in evolution that leads to changes in allele frequencies from 
one generation to the next. This process results in the fixation or loss of alleles over time 
and is clearly correlated with effective population size (Ne). Population size is 
fundamental to the effects of genetic drift: when Ne is large, there is a small effect; 
however, when Ne is small, the degree of fluctuations in allele frequencies is greater.  As 
such,  the predicted time to loss or fixation is much faster in smaller populations; see 
Figure 1.4.  
 
The change in allele frequencies from one generation to the next means that, for any 
given generation, the change in frequency is only derived from the generation 
immediately prior (Hartl, Clark 2007). Random genetic drift does not result in the 
generation of  additional alleles but can result in the loss of an existing allele (allele 
frequency of 0); this random sampling mechanism eventually leads to loss of genetic 
variation. Loss of genetic variation in a continuing population is reflected by the fixation 
of an allele, where its allele frequency reaches 1.  
 
The effects of drift are evident in population/genetic bottlenecks. A bottleneck occurs 
due to a large reduction in population size following a random external/environmental 
event. As a result, allelic homogenity may be increased in the population due to random 
genetic drift. Similar to population bottlenecks, genetic uniformity may occur when a 
new population arises from a small population, known as the founder effect (Mayr 1942; 





Figure 1.4. Rate of fixation of neutral alleles occuring due to random genetic drift is 
inversely proportional to effective population size (Ne). The effects of drift are 
smaller in large populatons and greater in smaller populations. Initial allele frequencies 
of genetic variation in both populations were equal (0.5). The smaller population reaches 
fixation (allele frequency of 1) or loss (allele frequency of 0) faster than the larger 





As random genetic drift supplies a population with genetic diversity, natural selection 
acts to remove diversity by selecting for beneficial mutations and against deleterious 
mutations. 
1.3.3 Natural Selection 
 
The theory of natural selection is fundamental to understanding the living world. Natural 
selection influences the observed phenotype. The genetic variation that exists within a 
population due to genetic drift may not affect fitness; however, there are some mutations 
that affect traits/phenotype that may affect the overall chances of survival and 
reproduction in either a positive or negative way. Alleles favourable to the survival of an 
organism may be passed from one generation to the next, resulting in an increase in the 
frequency of the advantageous allele. Natural selection can also result in the elimination 
of the less fit variants from the population. Natural selection can therefore (i) remove 
deleterious mutations from the population (in which case it is termed “negative or 
purifying selection”), (ii) can fix/select advantageous mutations in the population (in 
which case it is termed “positive selection or adaptive evolution”), or  (iii) natural 
selection can allow mutations to drift through the population that neither have a negative 
or positive effect on the organism (“neutral evolution”). Neutral evolution can be 
described as the accumulation of non-advantageous random neutral changes in a species; 
these confer no advantage or disadvantage to their host organism and are retained in a 
population at a rate proportional to the size of the population.  Negative or purifying 
selection is the removal of mutations that are deleterious to the population; these are 
marked by a decrease in fitness such as loss of function. These mutations are weeded 
from the population/selected against. Positive selection/Adaptive evolution is the 
retention of advantageous mutations marked by an increase in fitness for the organism; 
these spread throughout the population. Selection of such advantageous substitutions is 
fundamental to the evolution of novel functions in proteins. 
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1.3.4 Positive Selection and Functional Divergence 
 
Detecting positive selection is key in understanding the various mechanisms of 
molecular evolution, as it signifies a shift in the function of that protein (Messier, 
Stewart 1997; Levasseur et al. 2006b). Selective pressures acting on molecular sequence 
data are determined by estimating the ratio of non-synonymous mutations per non-
synonymous site (Dn) to synonymous mutations per synonymous site (Ds) across the 
coding sequence alignment; this ratio is generally denoted as ! = Dn/Ds. At the 
nucleotide level, non-synonymous mutations/substitutions are those that alter the amino 
acid coded for, whereas a synonymous substitution does not alter the encoded amino 
acid. These substitutions are often referred to as silent mutations, as they convey no 
change to the protein coded for. Non-synonymous substitutions alter the amino acid 
coded for and are also termed replacement substitutions; these are, therefore, visible to 
natural selection and are either deemed as advantageous and retained, or deleterious and 
removed from the population.  
 
The ratio of Dn/Ds fall into three categories: A Dn/Ds > 1, indicates that adaptive 
evolution is frequent, reflecting a high rate of functional protein divergence through 
directional selection. The opposite is true for purifying selection where Dn/Ds < 1. 
When there is no difference between the rate of silent and replacement substitution Ds 
and Dn are equal and the ratio Dn/Ds = 1, i.e. neutral evolution. In this thesis Dn/Ds is 
referred to as ! as it is derived in a maximum likelihood framework.  
 
The calculation of Dn/Ds is explained in Figure 1.5. From (i) it is clear that there are 2 
non-synonymous substitutions and 4 nucleotide substitutions in total, meaning that 2 of 
which were synonymous substitutions. In (ii), the total numbers of non-synonymous and 
synonymous nucleotide sites are calculated for the same pairwise alignment. At site 1, A 
is present in both sequences, in the codons ACT and ACG (coding for Thr). If A at the 
first position in this codon is changed to C, T or G, the encoded amino acid is altered 
(Pro, Ser, Ala respectively). As such, site 1 is a non-synonymous site (a score of 1 is 
given to non-synonymous sites and 0 to synonymous sites). At site 2, in the genetic 
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Figure 1.5. Calculating Dn/Ds.  A Pairwise alignment of homologous coding DNA 
sequences can be seen in (i) with each site in the alignment allocated a number (Sites). 
The asterisks (*) indicate the nucleotide sites at when the two sequences differ (i.e. 
where substitutions have occurred). Their encoded amino acids (AA) can be seen below 
the pairwise alignment. Here the asterisks indicate the number of nucleotide 
substitutions that have altered the encoded protein (non-synonymous substitutions). In 
(ii), the total numbers of non-synonymous and synonymous nucleotide sites are 
calculated for the same pairwise alignment. Dn and Ds and their ratio are calculated in 
(iii). Non-syn: non-synonymous, Syn: synonymous. 
 23 
code, no matter what codon is present, altering the second position in that codon always 
alters the encoded amino acid, thus position 2 is always a non-synonymous site. Moving 
to site 3, the third position in the codon, the codons present is ACT and ACG, again both 
coding the same protein, Thr. If site 3 was altered to A or C, the encoded amino acid is 
still Thr, therefore this is a synonymous site (a score of 0 is given to non-synonymous 
sites and 1 to synonymous sites). Sites are designated as non-synonymous or 
synonymous in this way moving across each site in the alignment. Moving to site 12, 
position 3 in the codons AAA and AAG, both positions differ but the encoded amino 
acid (Lys) does not alter. If position 3 was changed to C or T, the amino acid coded for 
changes (both Asp). This means that position 3 in this codon represents a two-fold 
degenerate site and as such is considered 2/3 non-synonymous and 1/3 synonymous. 
Calculating the total number of non-synonymous and synonymous sites gives 12.67 and 
5.33 respectively. Dn and Ds and their ratio are calculated in (iii). Dn is the number of 
non-synonymous substitutions per non-synonymous site (0.158) and Ds is the number of 
synonymous substitutions per synonymous site (0.375). From this the Dn/Ds ratio can be 
calculated (0.421). In this example, Dn/Ds < 1, indicating negative/purifying selection - 
that is some non-synonymous mutations are deleterious and the rest are neutral. 
 
This standard method for detecting what selective pressures are at play can be performed 
irrespective of the evolutionary relationship of the observed data. Pairwise sequence 
comparisons of these rates of substitution can be calculated. Signatures of positive 
selection can be identified in specific clades/branches on a phylogeny, making it 
possible to pinpoint the specific sites that may be responsible for the observed functional 
shift in that lineage (Messier, Stewart 1997; Levasseur et al. 2006b). The first analysis of 
this type was carried out on primate lysozymes (Stewart, Schilling, Wilson 1987; 
Messier, Stewart 1997). Lysozymes are important in bacterial defence. Their analysis 
showed episodic positive selection in the lysozyme protein in ancestral colobine lineage 
(unique foregut-fermenting old world primates) followed by a short period of negative 
selection, reflected by greater levels of nonsynonymous site differences than 
synonymous site differences for the colobines. The positively selected residues 
identified in the foregut-fermenting primates are believed to be associated with the 
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enzymes ability to function in the hostile conditions of the stomach, with these enzymes 
operating at a lower pH than other lysozymes. 
 
Use of the more sophisticated maximum likelihood (ML) and Bayesian based methods 
enables the incorporation of the evolutionary relationship of the observed data.  These 
methods are more robust to detecting what selective pressures are acting on the data, and 
also to what degree adaptive evolution has influenced particular lineages (Yang 1997). 
Such approaches consider the complexity of evolutionary models, the phylogenetic 
relationship and the data. These methods allow for the use of improved evolutionary 
(codon) models. The advantage of this over previous standard approaches are that 
important substitution properties of protein coding sequences other than the Dn/Ds ratio 
are considered such as transition to transversion rate ratios and codon usage frequency 
and that substitutions are considered one codon site at a time. Ignoring such properties 
by applying an ad hoc treatment to data and making simple assumptions about the 
evolutionary process can lead to estimation errors. Over estimations of synonymous site 
and in turn Ds may be due to the increased likelihood of synonymous transitions at the 
third codon position rather than transversions (Li, Wu, Luo 1985), hence an 
underestimation of Dn/Ds. Codon usage biases result in varied or unequal substitution 
rates among the codons and can also lead towards biased estimates if overlooked. The 
most extensively used software for phylogeny-based detection of positive selection is 
Yang’s phylogenetic analysis by maximum likelihood (PAML) package, which 
incorporates various models of codon evolution (see Chapter 2) (Yang 1997; Yang et al. 
2000). This method allows for the estimation of various selective pressures among sites 
and across lineages (clades). As such, selective pressures acting on gene duplicates may 
be detected. Under ML, the proportion of sites falling into each !-value category is 
estimated. A “measure of fit” of the tested models to the data is determined by 
performing likelihood ratio tests (LRTs) by comparing the likelihood score of a simple 
model with the likelihood score of its more parameter-rich extension. Empirical 
Bayesian methods are implemented to determine the posterior probability of the 
identified sites being in their respective category. Sites with a high posterior probability 
coming from the class where ! > 1 are inferred as positively selected sites. The 
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Bayesian estimations use the ML parameters of proportion and corresponding Dn/Ds 
ratio for a particular site as priors for calculating the posterior probability at that given 
site. Naïve empirical Bayes (NEB) estimations use these ML parameter estimates with 
the assumption that they are correct without accounting for error, which is not always 
the case, and can potentially result in false positive inferences of sites under positive 
selection. NEB is particularly sensitive to error in small datasets where ML estimates 
may have large sampling errors (Anisimova, Bielawski, Yang 2002). Bayes empirical 
Bayes (BEB) approaches have been developed to account for these uncertainties, 





Identifying and understanding genome similarities and differences by means of 
evolutionary analysis underpins the study of the evolutionary relatedness amongst 
genomes, commonly referred to as molecular phylogenetics.  
 
The evolutionary history of genetic information (or characters) from species is 
reconstructed in the form of a gene tree whereas a species phylogeny depicts the 
evolutionary relationships amongst species. A gene tree is reconstructed from a single 
homologous gene across a variety of taxa, the relationships depict the history of the gene 
over the evolutionary timescale. On the other hand, a species phylogeny is reconstructed 
using large amounts of homologous sequence data from the species of interest and 
identifying the most highly supported consensus tree (using, for example, concatenated 
alignment or supertree methods). In the case of a species phylogeny, the relationships 
depict the divergence of species over the evolutionary timescale.  Gene trees do not 
always recapitulate species trees; this is because every gene has a unique evolutionary 
history due to (for example) mutational rate variation (rate heterogeneity) along genes 
and in particular species, and/or gene gain and loss. Therefore, the branching pattern of a 
gene tree is expected to converge with the species tree from which the genes have been 
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sampled provided the data is orthologous and reasonably homogeneous in terms of rate 
variation. 
 
Using large amounts of data and ML and Bayesian methods of phylogeny 
reconstruction, the evolutionary relationship of mammals has been fully resolved 
(Murphy et al. 2001) (see Figure 1.6 for summary). Since its publication there have been 
a small number of challenges to this topology. To date, however, all have been found to 
be due to artefacts in data which have been highlighted by careful examination 
(Cannarozzi, Schneider, Gonnet 2007; Lunter 2007). For any given gene/protein family, 
cases of rapidly evolving lineages, or of gene gain and loss, can, therefore, be identified 
by comparing the mammalian gene tree to the fully resolved true branching pattern of 
the represented species on the species phylogeny (Page, Holmes 1998). By using only 
completed genomes, we can be confident that, on reconciling the relationships between 
gene trees and their corresponding species trees, we can identify the pattern of gene loss 
and duplication and understand any incongruence existing in the data (Page 1998; Page, 
Holmes 1998; Page, Cotton 2002). 
 
Several approaches may be employed to reconstruct the phylogenetic relationships of 
molecular sequences. These methods fall into two general categories: distance-based 
methods and character-based methods.  
 
The former is the more simplistic method, where a distance-matrix is calculated for all 
pairwise combinations of all sequences/taxa present and, based on this matrix a 
phylogenetic tree is computed with branch lengths closely resembling the distance 
between sequences/taxa. Minimum evolution (ME) inference transforms the data into 
pairwise distances. This method computes the sum branch lengths from the pairwise 
distances, where the estimated ME phylogeny is the one that requires the minimum 
length. These branch lengths are often estimated using least-square methods. However, 
ME inferences using least-squares has been found to be less robust than other distance-
based methods, such as neighbour joining (NJ) (Willson 2005).  The most popular 




Figure 1.6. Resolved phylogeny of a selection of fully sequenced mammalian 
genomes. Adapted from Murphy et al. 2001 and (Benton, Donoghue 2007). 
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 mean (UPGMA) and NJ (Sokal, Michener 1958; Saitou, Nei 1986; Saitou, Nei 1987). 
Both methods involve a step-wise manipulation of the distance matrices
calculated from the dataset. Although these methods of reconstruction are fast, 
compressing sequence data into distances can result in the loss of information and the 
estimated evloutionary distance/change may be inaccurate. Once the information 
pertaining to specific characters are compressed into distance, an overall estimate of the 
resultant tree and data is determined and evolutionary changes/information about 
specific characters is lost. Distances can be estimated from characters but not vice versa. 
 
Character-based methods are more computationally intensive, as they consider each 
individual nucleotide or amino acid position in the multiple sequence alignment (MSA) 
directly and reconstruct the evolutionary tree best suited to the information collected. 
The most common tree searching character-based methods are parsimony, ML and 
Bayesian methods (Fisher 1912; Edwards, Cavalli-Sforza 1963; Edwards, Cavvalli-
Sforza 1964; Neyman 1971; Felsenstein 1978; Swofford 1993; Ronquist, Huelsenbeck 
2003; Keane, Naughton, McInerney 2007). Under maximum parsimony, the estimated 
phylogeny is the one that required the minimum amount of evolutionary change to 
explain the observed data. The most robust of the discrete methods are ML and Bayesian 
inference; however, the major shortcoming of these favoured methods is the 
computational power required. ML phylogeny estimations are carried out on the data 
given a model (implemented in programmes such as MulitPhyl (Keane, Naughton, 
McInerney 2007)). The likelihood measurement (L) used to select between various 
alternative trees is the probability (P) of observing the data (D) given the tree (!), branch 
lengths (") and the substitution model (evolutionary process) (#) expressed as 
 
! 
L = P(D |",#,$) Eq. 2  
 
Bayesian phylogeny inference is a variation of ML, in which Bayes’ theorem is applied, 
where the resultant tree is one which has the greatest probability given a set of priors 
(priors are some idea about how the data has evolved) and the data (D) (implemented in 
programmes such as MrBayes (Ronquist, Huelsenbeck 2003)). Such information is 
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expected to enhance/strengthen inference (Huelsenbeck et al. 2002). The priors in 
Bayesian inference are the tree (!), branch lengths (") and the substitution model 
(evolutionary process) (#), these priors all constitute the model (M). The posterior 
probability of the model given the data (P(M|D)) is the probability of the data given the 
model (P(D|M)) (likelihood) times the prior probability of the model (P(M)) (prior) 
divided by the probability of the data (P(D)) (normalising constant), expressed as 
 
! 
P(M |D) = P(D |M) " P(M)P(D) Eq. 3 
 
The use of amino acids over nucleotides is favoured in phylogeny reconstruction. 
Nucleotide datasets are more prone to compositional bias due to differences in codon 
usage. The reason we use amino acids is that there are more possible states (20) (rather 
than 4 with nucleotides); this increases the power to infer ancestral conditions and, 
therefore, phylogenetic reconstruction. Also the use of amino acids may help circumvent 
the problem of nucleotide compositional bias. Several substitution models (20x20 
matrices) have been developed to describe the rate of change between amino acids; these 
models have been based on amino acid frequency in the environment, physicochemical 
properties and genetic distances etc (e.g. Dayhoff and Jones, Taylor Thornton (JTT)) 
(Dayhoff, Schwartz, Orcutt 1978; Jones, Taylor, Thornton 1992). Selection of an 
appropriate model is fundamental to the estimation of accurate evolutionary 
relationships, as can be seen from the likelihood and posterior probability expressions 
above. A number of tests can be performed to determine the optimal model of evolution, 
all involve the direct comparison of the scores generated by fitting alternative models to 
the data (Posada, Crandall 1998; Posada 2003; Keane et al. 2006; Posada 2006). These 
include the likelihood ratio test (LRT), the Akaike information criterion (AIC) and 
Bayesian  information criterion (BIC) methods amongst others (Akaike 1974; Schwarz 
1978; Cao et al. 1997). The LRT estimates a likelihood score that reflects the “measure 
of fit” between the model and data through a series of pairwise comparisons between 
different models. The more complex methods, AIC and BIC, focus on the different 
models independently and not in a pairwise manner, considering both the goodness of fit 
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and complexity of the model. Programmes such as ProtTest and MODELGENERATOR 
have been developed that implement such tests in determining the substitution model 
that best fits the data (Abascal, Zardoya, Posada 2005; Keane et al. 2006). 
 
Phylogeny reconstruction is difficult for a number of reasons outlined below and 
requires careful analysis and knowledge of the data. Even though amino acids are 
favoured over nucleotides in phylogeny reconstruction, to circumvent the base 
composition bias prevalent with nucleotide data, amino acid composition bias can also 
be present in the data. The amino acid content of proteins is restricted by the base 
composition of their cognate genes. Like base compositon bias, phylogenetic analysis 
may be incorrect due to amino acid content and may indicate false/lack of homology. 
Inadequate signal is another difficulty with phylogeny reconstruction, particularly if one 
is dealing with closely related species or recent speciation events. A thorough analysis of 
the data present in the dataset and in the associated genomes is necessary to ensure that 
paralogs are not mistaken for orthologs. These are two different types of homologous 
genes. Orthologous are genes that are separated by a speciation event whereas paralogs 
result from a gene duplication event. Distinguishing between the two is critical for the 
reconstruction of species trees and indeed gene phylogenies. The final difficulty with 
phylogeny reconstruction is by far the most challenging and perhaps the most prevalent, 
namely the effect of long branch attraction (LBA). LBA effects are seen in phylogenies 
as a direct consequence of variable evolutionary rates (heterogeneity in the data). This 
LBA artifact is responsible for the inference of misleading phylogenies, as it leads to the 
clustering together of fast evolving sequences towards the base of the phylogeny, 
regardless of their true evolutionary relationship (Felsenstein 1978). The basal 
positioning of species on a tree may be influenced by their germ line generation times. 
Under the so called ‘Generation Time Hypothesis’, the rate of mutational divergence 
between species can be attributed to the germ line generation time of the species. The 
germ line generation time is the number of germ line cell divisions that occur per unit 
time and under this hypothesis it is negatively correlated with the mutational/substitution 
rate. We would expect that those lineages that have a larger generation time have a 
lower substitution rate. Conversely, more rapidly evolving lineages accumulate a greater 
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number of mutations than species with shorter generation times due to greater number of 
germ line replications per year (Laird, Mcconaug.Bl, Mccarthy 1969; Kohne 1970). 
Species with shorter generation times have a greater genetic diversity than those species 
with longer generation times; see Figure 1.7 for the germ line generation times of a 
selection of completed mammalian genomes.  
 
In the MHP dataset studied in this thesis (Chapter 2), the following species have been 
included: human, chimp, macaque, rat, mouse, dog, cow and opossum. Therefore, there 
are a mixture of germ-line generation times (varying ages of reproductive maturity from 
approximately 4 months to 200 months, see Figure 1.7) and, hence, a variation in 
substitution rates amongst lineages. This phenomenon can be seen by a mixture of 
branch lengths among evolutionary lineages which is indicative of the LBA effect. The 
results of the analysis follow (Chapter 2). LBA can be minimised or perhaps even 
overcome entirely by the addition of more taxa to the dataset, spanning the interval 
between fast and slow evolving species, with the aim of breaking up long branches (e.g. 
Treeshrew on Figure 1.6 breaks the branch between the primates and the rodentia). This 
has been seen in the analysis of early animal evolution, where the debate lingered for 
some time as to whether the correct grouping of animals was Coelomata (the presence or 
absence of a coelem) or Ecdysozoa (the presence or absence of skin shedding) (Mader 
1993; Aguinaldo et al. 1997). The most recent datasets used to address this question, 
incorporate multiple species of intermediate evolutionary rate and more data than has 
been previously applied to this problem. Combined, the sampling and data size have 
converged on support for the Ecdysozoa and rejection of the Coleomata as a hypothesis 
for early animal evolution (Mushegian et al. 1998; Philippe, Lartillot, Brinkmann 2005; 
Holton, Pisani 2010)  
 
Alternatively the effects of LBA can be minimised by simply using improved models of 
substitution that account for rate heterogenity and amino acid composition bias in 
molecular evolution (Philippe et al. 2005a; Lartillot, Brinkmann, Philippe 2007). Finally, 




Figure 1.7. Germ-line generation times of a selection of completed mammalian 
genomes. Approximate age of reproductive maturity in months. Adapted from (Morgan 
et al. 2010). 
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evolving sites (Slow Fast method) of the homologous alignment, see Figure 1.8 
(Gribaldo, Philippe 2002).  
 
Reconstructing the evolutionary histories of  genes and protein families has many 
potential applications. An estimated phylogeny can help in determining what selective 
pressures are influencing the observed relationships and, thus, pinpoint specific sites 
associated with positive selection/functional divergence. A resolved phylogeny can also 
allow for the reconstruction of ancient protein sequences, making possible the 
resurrection of such ancestral states which can provide an insight into the evolution of 
protein function.  
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Figure 1.8. Removal of fast evolving sites to minimise long branch attraction. The 
rate heterogeneity varies across the sites of a multiple sequence alignment and can result 
in the inference of the incorrect phylogenetic relationship due to long branch attraction 
(LBA) (a). By removing the most rapidly evolving sites and concentrating on the slow 
evolving sites (Slow Fast method) the effect of LBA and result in the reconstruction of 
the true evolutionary relationship (b). 
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1.4 Ancestral Protein Resurrection (Paleomolecular Biology/Biochemistry) 
 
1.4.1 The rise of paleomolecular biology/biochemistry 
 
In 1963 two scientists, Linus Pauling and Emile Zuckerkandl, proposed that the 
evolutionary history of proteins (and, therefore, of organisms and species) was written in 
the molecules (we now know that the “molecules” referred to are the genetic sequences 
of proteins and organisms) (Pauling, Zuckerkandl 1963). This marked the beginning of 
the field of molecular evolution. The advent of molecular evolution and phylogeny 
reconstruction has provided powerful tools for understanding biology: with the ability to 
map molecular changes over time (in some cases millions of years) we can glean a 
greater understanding of living systems. The concept of studying the biochemical 
properties of extinct proteins was initiated in the 1980’s in work by Benner (Benner 
1988). With a fully resolved evolutionary relationship of a family of proteins, the 
resurrection of ancestral sequences is possible. This type of analysis is known as 
paleobiochemistry or paleomolecular biochemistry.  
 
In the previous section (Section 1.2) the concept of reconstructing the phylogenetic 
history of evolutionarily related proteins (homologs) was described. To reconstruct the 
phylogeny of a set of proteins the algorithm (any of those in existence) must first use the 
extant samples to reconstruct the ancestor at every node in the phylogeny. As one moves 
further back in time, the reconstructed nodes are used to reconstruct more further nodes 
etc. As one reconstructs the phylogeny, one therefore moves from extant to extinct 
nodes, and the sequence for every extinct node is reconstructed.  The process is outlined 
in detail in Section 1.3.2 below. By recreating ancestral states, it is possible to determine 
from what state the extant proteins have evolved, allowing for direct study of the 
emergence of functions of modern-day proteins and a better understanding of 
evolutionary processes (Chang, Donoghue 2000; Cai, Pei, Grishin 2004; Thornton 2004; 
Benner, Sassi, Gaucher 2007). After approximately two decades, Pauling and 
Zuckerkandl’s vision of studying evolution using sequences was finally realised due to 
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advances in technology. It is only the last quarter of a century that has witnessed the rise 
in paleomolecular biology. Since the late 1980’s, only approximately two-dozen reports 
on molecular resurrections have been reported: see Table 1.2 below (Benner, Sassi, 
Gaucher 2007).  
 
Early paleomolecular biochemistry analyses focused on the evolution of digestive 
enzymes (Benner 1988; Stackhouse et al. 1990; Jermann et al. 1995). Following these 
initial ancestral resurrections, much controversy over the concept of paleomolecular 
biology was evident, as expressed by Nicholas Wade’s article, “Method & Madness; 
Dead Sure”, in the New York Times Magazine, where he concluded that “the stirring of 
the ancient artiodactyls ribonuclease is a foretaste of biology’s demiurgic powers. It may 
well prove best to keep resurrection an unroutine event” (Wade 1995). With the turn of 
the 21st century, ancestral resurrections have been used in the study of the evolution of 
several biomolecular systems, including the adaptive evolution of visual pigments and 
steroid hormone receptors (Chang 2003; Thornton, Need, Crews 2003; Chinen, 
Matsumoto, Kawamura 2005a; Chinen, Matsumoto, Kawamura 2005b; Benner, Sassi, 
Gaucher 2007), with findings supportive of Benner’s idea that “the past is the key to the 
present” (Benner 2002). 
 
Not only can paleomolecular biochemistry provide insights into mechanisms of 
evolution, but it can also potentially harness biological functions/processes that may 
have been lost over time. Rediscovery of such “lost” functions may be beneficial in 
biomedical or industrial applications today.  
 
1.4.2 Resurrecting ancestral proteins 
 
The strategy for resurrecting ancient genes/proteins involves six main steps (Thornton 
2004). In brief: (i) a highly supported evolutionary relationship of a dataset of interest is 
inferred using methods such as maximum parsimony or ML, (ii) using this phylogeny 
and corresponding dataset, the protein sequence at the ancestral node(s) of interest are 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































sequence of amino acids, the corresponding nucleotides are inferred based on the 
optimum codon usage of the host system, (iv) this sequence is then synthesized by either
stepwise PCR (or, site-directed mutagenesis may suffice if only a few changes exist 
between the ancestral and extant sequences), (v) the assembled ancestral gene is then 
cloned into an expression vector that will allow high-level expression in the host system 
of interest. The resultant plasmid is then transformed or transfected into a suitable host 
system, with subsequent expression of the ancestral protein, (vi) the expressed ancestral 
protein is purified (if necessary) and its biochemical functions are characterised using 
appropriate experimental techniques. See Figure 1.9 for description of the process of 
ancestral sequence reconstruction. 
 
1.4.3 Reconstructing ancestral sequences 
 
There are four main approaches to generating an ancestral sequence: (1) consensus 
approach, (2) maximum parsimony, (3) ML, and (4), Bayesian inferences. A small 
number of studies have inferred ancestral states using the consensus approach. This 
method is performed irrespective of the phylogenetic relationship of the data and 
assumes that the most frequent extant state in a dataset is that of the ancestral state. This 
approach is sensitive to error when using very divergent datasets but since the realisation 
of the limitations of this approach it has not been popular (Adey et al. 1994; Ivics et al. 
1997).  
 
The phylogeny-based methods, maximum parsimony, ML and Bayesian, all consider the 
evolutionary relationships in the dataset when estimating ancestral sequences. The 
leaves/terminals on a tree represent the extant sequences, whereas the internal nodes 
represent an ancestral state. These internal nodes can represent one of two events in the 
history of the protein, (i) a gene duplication event, or (ii) a speciation event. A highly 







Figure 1.9. Ancestral protein resurrection. Successful resurrection of ancient proteins 
involves six main steps: (i) inferring the evolutionary relationship of the given dataset, 
(ii) using this phylogeny and corresponding dataset, reconstruct the protein sequences at 
ancestral node of interest (by maximum parsimony for example), (iii) using this 
hypothetical sequence, infer the corresponding DNA sequence based on optimum codon 
usage of host system, (iv) this ancestral nucleotide sequence is synthesised followed by 
(v) cloning and expression of ancient protein and (vi) purification (if necessary) and 
biochemical characterisation.  
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Maximum parsimony methods infer ancestral sequences assuming the minimal amount 
of evolutionary change and equal mutational rates across lineages (implemented in 
programmes such as PAUP (Swofford 1993)). Although maximum parsimony was a
welcomed advance to the consensus approach, it too has limitations. It is a reasonably 
accurate method for reconstructing ancestral states of extant sequences that are closely 
related to each other (Zhang, Nei 1997). However, with more divergent sequences that 
have varying rates of change and, hence, varying branch lengths across the phylogeny, 
parsimony does not function well (Benner, Sassi, Gaucher 2007). 
 
ML and Bayesian methods are more robust for inferring ancestral states over maximum 
parsimony. Likelihood/Bayesian reconstruction methods consider varying rates of 
sequence evolution across lineages (implemented in programmes such as PAML and 
MrBayes (Yang, Kumar, Nei 1995; Yang 1997; Ronquist, Huelsenbeck 2003; Yang 
2007) This allows for more accurate estimations of ancestral states for more divergent 
extant sequences because the evolutionary process is considered. For each character in 
the sequence, the most probable ancestral state inferred by ML is determined statistically 
(Bayesian posterior probabilities). Using ML approaches, one uses the phylogeny which 
is generated using any of the methods deemed suitable as outlined in section 1.2.4. This 
phylogeny is known as a priori and is assumed to be correct. As such, any uncertainty 
over the tree is overlooked. Bayesian inferences of ancestral states consider this 
uncertainty by estimating the likelihood of each ancestral state for an array of possible 
phylogenies. This approach is extremely computationally intensive. It has recently been 
shown that ML inferences of ancestral states are accurate and that Bayesian approaches 
to incorporate phylogenetic uncertainty are not necessary when reconstructing ancestral 
sequences (Hanson-Smith, Kolaczkowski, Thornton 2010). 
 
1.4.4 Ancestral resurrections in practice 
 
There has been on average almost one report of ancestral resurrections each year since 
Benner and Stackhouse and colleagues resurrected the first two ancient proteins in 1988 
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and 1990 respectively (Benner 1988; Stackhouse et al. 1990). Improvements in 
computational techniques have allowed for relatively accurate estimations of ancestral 
states. The result has been an increase in the number of studies in the field of 
paleomolecular biochemistry. The results of these investigations (Table 1.2) provide 
invaluable insights into the dynamics of evolution. Their findings have been extensively 
reviewed by Thornton and Benner and cover both plants and animals (Thornton 2004; 
Benner, Sassi, Gaucher 2007). Below, two of the most recent studies of ancestral 
proteins are highlighted, involving several ancestral sequences across different lineages 
that have been resurrected and characterised. The estimated age of the ancestral proteins 




In an extension to a previous study (Gaucher et al. 2003), Gaucher and co-workers 
resurrected over a dozen ancestral proteins related to the extant thermally diverse 
elongation factor (EF-Tu) proteins that are crucial in the regulation of protein synthesis 
(Gaucher, Govindarajan, Ganesh 2008). These studies have resurrected the most ancient 
proteins to date, with ancestral proteins that are estimated to have existed over one 
billion years ago. The ancestral protein states were reconstructed by ML and Bayesian 
estimations implemented in the PAML package (Yang 1997; Yang 2007). Gene 
synthesis was achieved by step-wise overlap extension PCR. The resultant ancient genes 
were cloned, expressed and purified to assess their thermal capacities. From their 
findings it is evident that ancient bacteria were more thermophilic with respect to their 
extant counterparts. The thermal stabilities of these ancient proteins correlate to the 
temperate climate of the Precambrian eon (~ 0.5 – 3.5 billion years ago) (Gaucher et al. 
2003; Thornton 2004; Benner, Sassi, Gaucher 2007; Gaucher, Govindarajan, Ganesh 
2008; Gouy, Chaussidon 2008).  
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1.4.4.2 Ancestral immunity 
 
In 2008, Goldschmidt et al. reported the antiretroviral activity of several ancient primate 
TRIM5! proteins (Goldschmidt et al. 2008). TRIM5! is a member of the tripartite motif 
(TRIM) family (Reymond et al. 2001). It has the ability to restrict various lentiviral 
infections such as human immunodeficiency virus (HIV) and simian immunodeficiency 
virus (SIV). The degree of its antiretroviral activity towards these viruses varies across 
the primate lineage. Goldschmidt et al. resurrected five ancestral TRIM5! proteins 
across the primate phylogeny. The most ancient resurrection was the old world primate 
ancestor (~ 25 MY ago). ML and Bayesian methods inferred the ancestral state at each 
of the five nodes. The ancestral sequence was resurrected by sequential site-directed 
mutagenesis of an extant human TRIM5! clone with subsequent generation of cells 
stably expressing the TRIM5! variants. They found that the restriction efficiency 
against HIV-2 and SIV variants was greater for extant TRIM5! than for the resurrected 
antiretroviral proteins. However, the most ancient TRIM5! protein had a high 
antiretroviral restriction capacity to HIV-1 relative to that of modern TRIM5!, with 
HIV-1 restriction diminishing across the phylogeny towards tips/leaves. Positively 
selected sites (as described in section 1.2.3) were also identified in human TRIM5!. 
Their positions in the old world primate ancestral sequence were mutated to one of two 
possibilities, either the ancestral state of (i) the last common ancestor of the African apes 
or (ii) the human/chimpanzee ancestor. The result was a reduction in the restriction 
capacity of the old world primate TRIM5! to HIV-1. Goldschmidt et al. (2008) 
suggested that these varying restriction capacities to lentiviral infections might be 
attributed to lineage-specific pandemics ultimately altering intrinsic defence 
mechanisms. 
 
These findings, together with those reviewed previously (Thornton 2004; Benner, Sassi, 
Gaucher 2007), highlight the increasing importance of paleomolecular biochemistry in 
increasing our understanding of the evolutionary processes of biological function.  
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1.5 Aim of thesis 
 
Identifying and understanding the similarities, and indeed differences, between 
sequences underpins the study of the molecular evolution of genes and genomes, known 
as molecular phylogenetics. The mutational events following gene duplication events are 
fundamental to the evolution of functional specificity in divergent multigene families. 
Positive selection/Adaptive evolution is the retention of beneficial mutations, i.e. those 
marked by an increase in fitness, in the population. Detecting positive selection is 
fundamental to understanding the evolution of protein functional shift. A combination of 
phylogeny and molecular evolutionary theory can pinpoint specific residues associated 
with positive selection (functional divergence) and can also enable us to reconstruct 
ancient proteins. 
 
In this thesis the functionally diverse MHP multigene family of enzymes (MPO, EPO, 
LPO and TPO) were used as a case study to better understand the evolution of 
specificity. This thesis tests two hypotheses involving phylogenetic reconstruction and 
enzyme evolution. Firstly, the hypothesis that positive selection and functional shift are 
synonymous is tested. By fully resolving the evolutionary relationship of the MHP from 
a molecular perspective, the patterns of gene duplication and subsequent selective forces 
that have contributed to the functional shift in each type of MHP may be elucidated. To 
determine if such selective pressures are truly responsible for functional diversification a 
cross-disciplinary approach can be taken to validate the in silico (evolutionary) 
predictions. In vitro site-directed mutagenesis can be implemented to verify if altering 
identified positively selected residues to a more ancestral state disrupts the cellular and 
biochemical properties of the extant enzymes. This approach was applied here using the 
MHP superfamily, MPO as an exemplary model to test the hypothesis that positive 
selection signifies a protein functional shift. 
 
Secondly, the hypothesis that ancestral protein reconstruction can be used as a tool to 
resurrect ancient proteins that contain the desirable properties of extant proteins is tested. 
The plant heme peroxidases, which have been extensively exploited in the 
 45 
biopharmaceutical and biotechnology sectors, have been used as a case study in this 
thesis to determine if evolutionary theory (paleomolecular biochemistry) can be used in 
the design of enzymes with desirable characteristics for industry. The evolutionary 
relationship of this family of enzymes has been resolved, thus, it is possible to 












Heme peroxidases are readily abundant enzymes that can be classified into two major 
families, namely the animal and non-animal peroxidases, that have arisen from two 
independent evolutionary events (Passardi et al. 2007a). The non-animal peroxidases 
include plant, bacterial, fungal and protist (Passardi et al. 2007a). The classical 
peroxidase cycle involves the reaction sequence from native enzyme through compound 
I, then compound II and finally back to native enzyme (Dunford 1999). An alternative 
and highly important pathway that MHP pass through, depending on substrate 
availability, is the halogenation cycle (Furtmüller et al. 2006). In the presence of H2O2 
and a halide (especially iodide), MPO can catalyse a halogenation reaction that plays an 
important role in the antibacterial activity of leukocytes (Clark 2000). Animal 
peroxidases are a medically important group of enzymes implicated in many different 
diseases including asthma (Sanz et al. 1997), AD (Reynolds et al. 2000) and 
inflammatory vascular disease (Lau, Baldus 2006).  From biochemical studies it is 
believed that the heme peroxidases for mammals arose following a number of gene 
duplication events (Sakamaki et al. 2000; Sakamaki, Ueda, Nagata 2002; Furtmüller et 
al. 2006).  
 
Gene duplication provides the raw material for evolution of diversity and is believed to 
be the principal source of new genes (Ohno 1970). The process of gene duplication has a 
number of alternative outcomes, and remains a controversial issue. Gene duplicates may 
become functionally redundant (Nowak et al. 1997), or functionally divergent. There are 
a number of ways in which functional redundant duplicates can be preserved (Force et 
al. 1999; Chung et al. 2006). It has been proposed that the preservation of duplicates can 
be brought about by degenerative mutations in the regulatory elements of the duplicates, 
this is referred to as the Duplication-Degeneration-Complementation model (DDC) 
(Force et al. 1999). The DDC model does not allow a role for positive selection in the 
evolution of duplicates and is based solely on a neutral model with degenerate mutations 
and subsequent negative selection. Under this model duplicates are preserved as each 
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accumulates degenerate mutations, resulting in specific subfunctions that in toto ensure 
optimal fitness (Force et al. 1999).  
 
An alternative mode of duplicate retention is positive selection. For example, in direct 
contrast to the predictions of the DDC model it has been shown for human and mouse 
that the number of retentions and losses of duplicates fits more consistently with a model 
incorporating positive selection (Shiu et al. 2006). Rapid divergence in gene expression 
profiles of duplicates following the duplication event results in expression profiles as 
diverse as those of singletons. An example of this is the functional redundancy of 
transcription factor inhibitors, I!" and #, that have acquired different functions through 
divergence of gene expression rather than biochemical function (Cheng et al. 1998). 
Studies have indicated that for mammalian genomes neofunctionalisation, be it 
independent of -, or coupled with – subfunctionalisation, is the most common mode of 
evolution of gene duplicates (Hughes, Liberles 2007). These selective pressures 
following the process of gene duplication are key to the evolution of specificity of 
divergent multigene families, such as the MHP (Kimura, Ikeda-Saito 1988). 
 
In those cases where having all duplicates is deleterious, dosage requirements may cause 
the partitioning of subfunctions to be favored by positive selection resulting from 
selective pressure for the fixation of nonfunctional or subfunctional alleles. The 
divergence of function may occur through neofunctionalisation (Hughes 1999), or, 
subfunctionalisation where the ancestral function is partitioned between the duplicates 
(Lynch, Force 2000) (for detail on current gene duplication models see (Roth et al. 
2007)).  
 
This study hypothesises that the selective pressures on MHP following gene duplication 
events will, (i) still be traceable in the extant sequences of these enzymes, and (ii), will 
have contributed to the functional diversity observed in these enzymes. A fully resolved 




MHP have been classified into four main families based on their function; MPO, EPO, 
LPO and TPO.  MPO, EPO and LPO function in antimicrobial and innate immune 
responses (Klebanoff 1970; Klebanoff 1999; Wang, Slungaard 2006), whereas, TPO 
plays a key role in thyroid hormone biosynthesis (Ruf, Carayon 2006), see Table 1.1. A 
study of the structure-function relationships of human heme peroxidases suggest that the 
evolution of TPO succeeded that of MPO, EPO and LPO, but that these families shared 
a common ancestor (Sakamaki et al. 2000; Sakamaki, Ueda, Nagata 2002; Furtmüller et 
al. 2006). MHP are present in various tissues and as such their peroxidase function 
varies depending on tissue of expression. There are both structural and functional 
similarities among this multigene family of enzymes particularly with respect to their 
catalytic domains, this reflects their evolutionary relatedness. It has been shown that 
active site residues are conserved in all heme peroxidases (Furtmüller et al. 2006; 
Zederbauer et al. 2007). 
 
To infer the phylogeny of the MHP from sequence data, it is fundamental to consider the 
challenges associated with resolving mammalian gene phylogenies. The main pitfalls 
include poor phylogenetic signal resulting from mutationally saturated positions, 
inadequate modelling of the evolutionary process and systematic bias due to variable 
rates of evolution among species or within sequences (Moreira, Philippe 2000). 
 
A systematic bias or systematic error is one that results in greater support for an 
incorrect conclusion with the accumulation of more data. LBA is one of the most 
commonly occurring systematic biases and is a consequence of unequal evolutionary 
rates across lineages. This can occur due to the number of cell divisions per unit time 
being different in different species or due to rapid fixation of mutations due to reduced 
population size, e.g., a bottleneck. Rodent species accumulate many more mutations 
within a defined time frame than larger mammals (Ohta 1993; Li et al. 1996). Therefore, 
rodentia are often placed close to the outgroup species on a phylogeny due to their 
increased number of mutations. There are a number of ways in which the noise (LBA) 
can be minimised. Firstly, the addition of more taxa to the dataset: denser sampling of 
species of intermediate generation time can reduce the effect of LBA by reducing the 
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overall distances between taxa. Secondly, the use of improved models of sequence 
evolution, i.e., models sensitive to multiple substitutions at the same site and rate 
heterogeneity across the phylogeny. And finally, stripping the alignment of its most 
rapidly evolving sites and using only the remaining more slowly evolving sites to 
reconstruct phylogenies reduces the amount of LBA noise in the dataset (Philip, 
Creevey, McInerney 2005). These approaches can be used in combination. While 
databases such as Peroxibase (http://peroxibase.isb-sib.ch) house all the up-to-date 
peroxidase sequences (Bakalovic et al. 2006; Passardi et al. 2007b; Koua et al. 2009; 
Oliva et al. 2009), only those MHP from completed mammalian genomes have been 
included here (allows us identify species-specific gene birth and death). ML and 
Bayesian methods of phylogeny reconstruction have been implemented together with the 
stripping of the most rapidly evolving sites in the dataset.  
 
The major questions addressed in this study pertain firstly to the resolution of the 
evolutionary relationships of these MHP using molecular sequence data, and secondly, 
to the analysis of functional diversities among these superfamilies using the resolved 
phylogeny and  ML methods for testing selective pressures. 
 
Selection can be classified as being neutral, purifying or positive. Positive 
selection/Adaptive evolution is strongly indicative of functional shifts within proteins 
(Levasseur et al. 2006a). To determine what selective pressures may have influenced the 
functional diversification of the MHP families, we tested the data using a variety of ML 
models of evolution with different properties. These included models that allow for only 
purifying selection and/or neutral evolution, and those that allow for positive selection. 
Likelihood scores for all alternative models and their null hypotheses are calculated. The 
likelihood scores for the null hypothesis versus the alternative hypothesis for those 
models that are extensions of each other were then compared using a LRT for goodness-
of-fit. For those models that allow for the estimation of site-specific evolution, those 
amino acids that have undergone positive selection can be identified. The location of 
these amino acid positions were estimated using Bayesian statistics and their location 
and possible functional significance were determined. This chapter has shown that 
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2.2.1 Data Assembly 
2.2.1.1 Sequence Data 
Protein coding sequences for MHP were retrieved from the Ensembl database for all 
available completed mammalian genomes using the pre-defined orthologues identified in 
Ensembl (www.ensembl.org). The mammalian genomes and the corresponding genome 
versions used for each of the major families in our dataset were as follows: Homo 
sapiens v42.36d; Pan troglodytes v42.21a; Macaca mulatta v42.10b; Mus musculus 
v42.36c; Rattus norvegicus v42.34l; Canis familiaris v42.2;  Bos taurus v42.2e (no EPO 
sequence available), and, Monodelphis domestica v42.36c. Ensembl identifies 
orthologues by performing a genome-wide reciprocal WUBlastp+SmithWaterman 
search of each gene across all completed genomes. MSA is then performed using the 
MUSCLE software (Edgar 2004) and the best reciprocal hits following the sequence 
similarity search. The longest alternative transcript in each case was used. These 
sequences were combined into a single MHP dataset of 31 sequences. Two amino acid 
sequences representing the peroxidasin (PXDN) family, from the Pan troglodytes and 
the Gallus gallus genomes, were retrieved from the PeroxiBase database 
(http://peroxibase.isb-sib.ch). The sequence data are given in Table 2.1. 
 
2.2.1.2 Multiple Sequence Alignment 
Each protein coding sequence in the MHP dataset was translated to amino acid using in-
house translation software.  This protein sequence dataset and the two PXDN sequences 
were combined to give a dataset of 33 sequences (complete dataset).  Both MHP and 
“complete” datasets were aligned in ClustalW 1.8 (Thompson, Higgins, Gibson 1994) 
independently using default parameter settings.  The corresponding nucleotide 
sequences for the MHP dataset were aligned with respect to the amino acid MSA with 
the use of in-house software to insert gaps in the protein coding sequence according to 
their positions in the amino acid alignment. The nucleotide and subsequent protein 
MSAs were manually edited by removing ambiguous regions from the alignment using 
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Table 2.1: Representative mammalian heme peroxidase sequences used in this 
study. 
Superfamily Species Entry ID (Name)*/Gene ID Length (aa) 
MPO Homo sapiens ENSG00000005381 778 
 Pan troglodytes ENSPTRG00000009449 778 
 Macaca mulatta ENSMMUG00000002266 777 
 Mus musculus ENSMUSG00000009350 719 
 Rattus norvegicus ENSRNOG00000008310 719 
 Canis familiaris ENSCAFG00000017474 743 
 Bos taurus ENSBTAG00000012783 596 
 Monodelphis domestica ENSMODG00000014737 403 
EPO Homo sapiens ENSG00000121053 716 
 Pan troglodytes ENSPTRG00000009446 716 
 Macaca mulatta ENSMMUG00000011973 717 
 Mus musculus ENSMUSG00000052234 717 
 Rattus norvegicus ENSRNOG00000008707 716 
 Canis familiaris ENSCAFG00000017456 752 
 Monodelphis domestica ENSMODG00000014755 725 
LPO Homo sapiens ENSG00000167419 713 
 Pan troglodytes ENSPTRG00000009448 712 
 Macaca mulatta ENSMMUG00000002264 716 
 Mus musculus ENSMUSG00000009356 711 
 Rattus norvegicus ENSRNOG00000008422 710 
 Canis familiaris ENSCAFG00000024533 719 
 Bos taurus ENSBTAG00000012780 713 
 Monodelphis domestica ENSMODG00000014744 719 
TPO Homo sapiens ENSG00000115705 934 
 Pan troglodytes ENSPTRG00000011610 857 
 Macaca mulatta ENSMMUG00000009662 839 
 Mus musculus ENSMUSG00000020673 915 
 Rattus norvegicus ENSRNOG00000004646 915 
 Canis familiaris ENSCAFG00000003217 932 
 Bos taurus ENSBTAG00000002567 869 
 Monodelphis domestica ENSMODG00000014296 872 
PXDN Pan troglodytes 5828 (PtroPxd01)* 1463 
 Gallus gallus 4049 (GgaPxd01)* 1447 
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Note: The common names for the genomes used are; Homo sapiens: human, Pan 
troglodytes: chimp, Macaca mulatta: macaque, Mus musculus: mouse, Rattus 
norvegicus: rat, Canis familiaris: dog, Bos taurus: cow, Monodelphis domestica: 
opossum, Gallus gallus: chicken. aa: amino acid. Note: * - Assigned entry ID and Name 
in the PeroxiBase database (http://peroxibase.isb-sib.ch). 
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the sequence alignment editor, Se-Al 2.0a11 (Rambaut 1996). The PXDN sequences 
served as an outgroup for the MHP and therefore aided in determining the earliest 
diverging MHP.  
 
2.2.2 Phylogeny Reconstruction 
 
2.2.2.1 Site Stripping and Phylogeny Reconstruction 
The phylogenetic tree for the dataset was estimated using Bayesian statistics 
implemented in MrBayes 3.1.2 (Ronquist, Huelsenbeck 2003). The model of amino acid 
substitution used was JTT (Jones, Taylor, Thornton 1992) because following model 
testing using MultiPhyl (Keane, Naughton, McInerney 2007) this was the model that 
was best-fit to the data. Using 4 Markov chains for 400,000 generations, trees were 
sampled every 10 generations with the first 20,000 sampled trees discarded as burnin 
(the burnin parameter determines the number of samples (not generations) discarded 
prior to calculating summary statistics) (see Appendix for Bayes block template). The 
remaining trees sampled were summarized on a majority rule consensus tree with clade 
supports given as Posterior Probabilities (PPs). ML trees were also inferred using the 
high-throughput phylogenomics webserver, MultiPhyl (Keane, Naughton, McInerney 
2007). The ML tree was generated using the nearest neighbour interchange (NNI) tree 
search algorithm and 100 bootstrap replicates implemented in MultiPhyl (Keane, 
Naughton, McInerney 2007) under the AIC statistic, the selected substitution model was 
JTT with invariable sites and a discrete gamma model of rate heterogeneity. This was 
repeated a total of 10 times to generate 1000 bootstrap replicates. (The Bayesian tree 
reconstruction methods were applied to the MHP dataset only).  
 
The resulting phylogenies from both analyses (MrBayes and MultiPhyl) were then 
analysed for signatures of LBA.  The rate of evolution at each site in the alignment was 
placed into one of 8 categories, 8 being the most rapidly evolving and 1 being the most 
conserved, using the maximum likelihood approach implemented in TreePuzzle 5.1 
(Schmidt et al. 2002). Sites were progressively removed from the protein MSA 
 56 
according to their evolutionary rate and the resultant trees were analysed for changes in 
topology.  
 
Nine separate site-stripped alignments were constructed by successive removal of the 
most rapidly evolving sites (Philip, Creevey, McInerney 2005). The aforementioned 
Bayesian method was used to infer phylogenetic relationships for each of the nine 
alignments generated. The ML phylogeny was also estimated for each of the site-
stripped alignments from the model of best-fit following hierarchical likelihood ratio 
tests (hLRTs) of alternative models implemented in MultiPhyl (Keane, Naughton, 
McInerney 2007). 
2.2.2.2 Nodal Distance Analysis 
The pruned nodal distance method implemented in TOPD/FMTS v3.3 (Puigbo, Garcia-
Vallve, McInerney 2007) was used to calculate the distance between each of the site-
stripped trees and the ideal tree. The ideal tree was generated by pruning the resolved 
mammalian phylogeny (Murphy et al. 2001) to represent those taxa present. A distance 
matrix is calculated for both the site-stripped phylogeny and the ideal phylogeny by 
counting the number of nodes that separate every taxon from every other taxon on the 
tree. Using the root means squared deviation (RMSD) implemented in the TOPD/FMTS 
v3.3 (Puigbo, Garcia-Vallve, McInerney 2007) software package, the RMSD between 
the site-stripped phylogeny matrix and the ideal phylogeny matrix is calculated. A 
RMSD value of zero indicates that the two trees being compared are identical (Input file 
in Appendix).  
2.2.2.3 Gene Tree - Species Tree Reconciliation  
Following nodal distance analysis, the gene phylogeny with the lowest RMSD value (for 
the MHP sequences alone), and the species tree were examined for gene duplication and 
loss events using the default settings for gene tree - species tree reconciliation 
implemented in GeneTree 1.3.0 (Page 1998). 
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2.2.3 Positive Selection and Functional Divergence 
 
2.2.3.1 Selective Pressure Analysis 
Analysis of variation in selective pressure following gene duplication in the MHP was 
carried out using codon substitution models implemented in PAML 3.15 (Yang 1997). 
Both site-specific and branch-site specific models were applied. The models used for 
this analysis allow for heterogeneous nonsynonymous-to-synonymous rate ratios (! = 
Dn/Ds) across sites and amongst branches/lineages.  
 
An !-value > 1 indicates positive selection, ! < 1, purifying selection and neutral 
evolution when ! = 1. The statistically significant model for the data was selected using 
a series of LRTs to compare models and their more parameter rich extensions. Tests of 
significance were carried out using "2 tests of significance, the comparisons performed 
were; M0 (one ratio) with M3(k = 2)(discrete), M1(neutral) with M2(selection), M3(k = 
2) with M3(k = 3) discrete models, M7 (beta) with M8 (beta & omega > 1), M8 (beta & 
omega > 1) with the null hypothesis M8a (beta & omega = 1), M1 with model A 
(branch-site) and finally M3(k = 2) with model B (branch-site). The models and 
approach taken here have been described previously (Yang 1997; O'Connell, McInerney 
2005). 
 
The probability (PP) of a specific amino acid site belonging to the positively selected 
category is estimated using the empirical Bayes method for each superfamily 
individually (Nielsen, Yang 1998; Yang et al. 2000; Yang, Wong, Nielsen 2005). 
2.2.3.2 Functional Divergence analysis  
Using the MHP gene phylogeny with the lowest RMSD value, each of the four MHP 
were selected as independent clusters. Using the MHP protein MSA and this MHP gene 
phylogeny, statistical analysis implemented in the software DIVERGE v 1.04 (Gu 1999; 
Gu, Vander Velden 2002), was used to estimate the coefficient of functional divergence 
(theta ML or !) for all pairs of clusters. The following are the clusters used in the 
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analysis are taken from the resolved phylogeny (from Figure 2.3a) (1) MPO Cluster, (2) 
EPO Cluster, (3) LPO Cluster, and (4) TPO Cluster.  
2.2.3.3 3D Modeling and In Silico Mutational Analysis 
To successfully build an homology model requires that a pre-existing 3D structure 
(template) has a high level of amino acid sequence similarity with the sequence of 
interest being modeled. Homology modeling was performed using the human 
representative sequence for the MPO, EPO and LPO family and the first approach mode 
implemented by the homology-modeling server, SWISS-MODEL (Arnold et al. 2006). 
A model for human TPO could not be achieved as a crystal structure of TPO has not yet 
been determined and there was minimal sequence coverage with other MHP template 
models. The human MPO and EPO structures were modeled using the crystal structure 
of bromide-bound human MPO isoform C (PDB accession code 1d2vC) as a template 
with 100 % and 72 % sequence identity to the template respectively and the human LPO 
structure was modeled using the crystal structure of bovine LPO (PDB accession code 
2gj1) with 85 % sequence identity.   The positively selected sites identified from the 
PAML 3.15 (Yang 1997) analysis were highlighted (in gold) on each 3D structure 
generated using DeepView v3.7 (Guex, Peitsch 1997). The conserved proximal heme 
ligand (MPO: His 502, EPO: His 474 and LPO: His 468) was also highlighted (in blue) 
on the 3D model.  
 
In silico mutational analysis on these positively sites was carried out and their 
subsequent effect on hydrogen bonding was assessed using the mutate tool within 
DeepView application (Guex, Peitsch 1997). This application tool allows one to 
ascertain the putative effect of mutating the amino acid in silico. A nearest neighbour list 
of amino acid residues to the residue of interest were selected, with a cutoff of 8 Å as 
this is greater than the longest sidechain, tryptophan (Martin et al. 2002). Hydrogen 
bonds were computed between groups using the application tool provided. Using the 
mutate tool, the residue of interest was mutated to an alternative amino acid and putative 





2.3.1 Mammalian Heme Peroxidase Phylogeny 
 
2.3.1.1 Phylogeny Reconstruction 
The MHP dataset for this study consisted of 31 single gene orthologues from MPO, 
EPO, LPO, and TPO classes, totaling 1,017 aligned positions. The species phylogeny for 
the mammals has previously been fully resolved (Murphy et al. 2001). In brief, the 
mammalian species phylogeny describes Marsupiala (i.e. Opossum in our dataset) as 
outgroup to all other mammals, followed by the divergence of the Carnivora (i.e. Dog in 
our dataset) and the Cetacea (i.e. Cows in our dataset), and finally the emergence of the 
Euarchontoglires clade (i.e. primates and rodents) (Murphy et al. 2001), see Figure 1.6 
and 2.1(a). The ML phylogenetic tree was estimated using MultiPhyl (Keane, Naughton, 
McInerney 2007) and MrBayes 3.1.2 (Ronquist, Huelsenbeck 2003), the results were 
congruent, see Figure 2.1(a). Each of the four superfamilies branched into their 
respective functional groups, with the members of the TPO superfamily taking the 
position of outgroup with high support values. The topology shows MPO, EPO and LPO 
shared a most recent common ancestor (MRCA) with a gene duplicate of TPO. The 
MPO and EPO groups themselves shared a MRCA and functionally diverged following 
a further gene duplication event. Therefore these two peroxidases (MPO & EPO) are the 
most closely related of all the MHP in this study. 
 
2.3.1.2 Long Branch Attraction 
Despite the 4 major clades in the phylogeny corresponding to the 4 major groups of 
MHP, the relationships of the species within these clades conflicts with the previously 
published mammalian species phylogeny (Murphy et al. 2001). The rat and mouse are 
members of the Glires group, and as such are a sister group to the primates, which 
together form the Euarchontoglires mammalian superorder. The topology seen here for 




Figure 2.1. Phylogeny of mammalian heme peroxidases before treatment for long 
branch attraction and after treatment. (a) Initial unresolved ML tree for mammalian 
heme peroxidases and peroxidasin from Pan troglodytes and Gallus gallus from the 
entire dataset. The bootstrap support values from 1000 replicates are shown on all nodes. 
(b) Resolved phylogeny following site stripping, the cow sequence for LPO can be seen 
to take an unusual place on the phylogeny. The following are the species abbreviations 
used: Dog (D); Cow (C); Macaque (Ma); Human (H); Chimp (Ch); Rat (R); Mouse (M); 
Chicken (G), and Opossum (Op). 
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clade. This is a common error in mammalian phylogeny reconstruction, and has been 
proven to be an effect of LBA (Lunter 2007). Also, for the TPO group opossum is 
placed next to rat and mouse and not as the outgroup as expected, suggesting that the 
opossum and the rodents have similar rapid rates of evolution, see Figure 2.1(a). 
 
The site stripping method was adapted by using the slow-evolving positions for each 
species in the MSA to reconstruct the phylogeny, while still retaining adequate amounts 
of signal (Philip, Creevey, McInerney 2005). This approach is similar to the ‘Slow-Fast 
Method’ (Brinkmann, Philippe 1999) and is therefore an approximate method that 
removes noise from the data by removing those sites that are most likely to contain 
homoplasy (characteristics shared by a set of species but not derived from a common 
ancestor) and focusing on the more evolutionary informative positions for phylogeny 
reconstruction. Each site within the MSA was classified according to rates of evolution 
(estimated using ML based on a fixed phylogenetic tree). To determine what number of 
categories to remove, each category was progressively stripped from the most rapidly 
evolving sites to the most slowly across the entire MSA. The combined removal of the 
fastest and slowest sites from the dataset was also carried out, this was initially 
performed with the PXDN data included. Each time a category was removed the 
phylogenetic tree was estimated from the remaining MSA using ML.  
 
2.3.1.3 Resolved Phylogeny
The ideal tree was created by pruning the mammalian supertree as published by Murphy 
et al. (2001) (with the inclusion of chicken) and is depicted in Figure 2.2(a). The 
difference between each site-stripped phylogeny and the ideal phylogeny was calculated 
using a nodal distance calculation RMSD (Puigbo, Garcia-Vallve, McInerney 2007), see 
Figure 2.2(b). From Figure 2.2(b), it is seen that the removal of rapidly evolving sites 
gradually removes the noise from the data and the remaining signal moves towards the 
canonical species phylogeny (Murphy et al. 2001). For the dataset consisting of MHP 
and PXDN sequences, the RMSD value reaches a minimum at the removal of 4 site
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Figure 2.2. The distance between each of the site stripped phylogenies and the ideal 
mammalian peroxidase phylogeny. (a) The ideal phylogeny pruned from the 
mammalian phylogeny by Murphy et al. (2001), the peroxidasin sequences are 
outgroups to the MHP clade. The following are the species abbreviations used: Dog (D); 
Cow (C); Macaque (Ma); Human (H); Chimp (Ch); Rat (R); Mouse (M); Chicken (G), 
and Opossum (Op). This phylogeny was compared to each of the resultant site stripped 
phylogenies. (b) Graph showing the RMSD nodal distance (y-axis) between each site-
stripped phylogeny (x-axis) and the ideal phylogeny. On the X axis: All: refers to the 
complete MSA; 8: site category 8 removed from the MSA; 8, 7: categories 8 and 7 
removed from the MSA and so on up to the final column that contains only the most 
slowly evolving category of site. 
 63 
categories (8, 7, 6 and 5) leaving a MSA of length 850 sites (including gaps/missing 
data), after this point the RMSD values rise, see Figure 2.2(b). It is important to note that 
the slowest evolving positions can be misleading particularly with excessive removal of 
sites, as the number of characters for reconstruction will decrease with every cycle, 
therefore caution must be taken in applying this method. This analysis was also
performed on the dataset containing only MHP sequences, and the RMSD value reaches 
a minimum at the removal of 3 site categories (8,7, and 6) leaving a MSA of length 
613sites (including gaps/missing data), see Figure 2.3(a) for resultant topology. The 
reduced MSA for MHP data is given in the Appendix additional Figure 1 and the 
corresponding TOPD results are given in Appendix additional Table 1. The nodal 
distance (RMSD) calculation is based entirely on the branching pattern and hence does 
not account for evolutionary rate variation across the phylogeny. Using this site-stripped 
MSA the phylogeny was estimated using both MrBayes and MultiPhyl methods, both of 
which produced identical phylogenies*. (*Of note here is that the one exception, using 
the Bayesian reconstruction method, was the TPO primate monophyly was not fully 
resolved in the TPO clade but instead supported a human-chimp-macaque polytomy.) 
 
2.3.1.4 Gene Duplication 
All gene duplication events were verified using gene tree – species tree reconciliation. 
The resolved MHP phylogeny was analysed (Figure 2.3(a)), identifying in total 4 
duplication events and 4 losses. This method over prescribes gene losses as in the case 
of EPO, where the sequence data was not available and therefore is assumed to be a loss. 
There is an LPO specific duplication event predicted, see Figure 2.3(b). These results 
show differential retention and loss in the LPO lineage following this gene duplication 
event resulting in the cow species retaining an alternative duplicate copy to the other 
mammals in the dataset, as shown in Figure 2.3(b). This method must be used with 
caution as it does not take into account rate heterogeneity amongst species or sites in the 
data, and relies solely on the topology. However, reciprocal BLAST analysis of the cow 









Figure 2.3. Fully resolved mammalian heme peroxidase phylogeny with duplication 
and loss events depicted. (a) Resolved ML tree for mammalian heme peroxidases. The 
bootstrap support values from 1000 replicates are shown on all nodes. The TPO primate 
clade appears here as a polytomy as the branch lengths are extremely short, however, 
this is in fact resolved with a low Bootstrap of 56%. The star symbol denotes those 
branches that were treated as foreground in the selection analysis. (b) The analysis of the 
resolved phylogeny using gene tree species tree reconciliation method implemented in 
GeneTree. The large filled circles represent gene duplication events, and the red 
branches indicate gene losses. The following are the species abbreviations used: Dog 
(D); Cow (C); Macaque (Ma); Human (H); Chimp (Ch); Rat (R); Mouse (M); Chicken 
(G), and Opossum (Op). 
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2.3.2 Positive Selection and Functional Divergence 
 
2.3.2.1 Positive Selection Analysis 
Using the fully resolved MHP phylogeny the hypothesis that following the gene 
duplication events in the MHP (as resolved in this study), selective forces - specifically 
positive selection - have contributed to the observed changes in function in each of the 4 
major groups of MHP was tested. Tests for heterogeneous selective pressures were 
carried out on the resolved phylogeny using the evolutionary models implemented in 
PAML 3.15 (Yang 1997) and the complete MSA. The Dn/Ds ratios were estimated in a 
likelihood framework at both site-specific and lineage-specific levels. A total of seven 
tests of significance were carried out using !2 tests of significance, five site-specific 
comparisons and two branch-site comparisons were performed. 
 
No positively selected sites were estimated for the one ratio model (see Table 2.2). 
Strong purifying selection across sites was indicated with an " of 0.1516. However, this 
model is a poor fit for the data (lnL = -34417.1085). Positive selection was tested in a 
site-specific manner across the dataset using the site models; M1 (neutral), M2 
(selection), M3 discrete (k = 2), M3 discrete (k = 3), M7 (beta), M8 (beta & omega > 1) 
and M8a (beta & omega = 1). The results of the site-specific analysis are shown in Table 
2.2. 
 
Poor likelihood values were achieved using the site-specific models of evolution, 
however, the most complex site-specific model used, M8 yielded significant results 
when it was tested with its null model M8a. A small proportion of sites are under relaxed 
positive selection (Table 2.2). Through the use of Bayesian estimations, four positively 




Table 2.2: Parameter estimates and likelihood scores of one ratio and site-specific 
models. 
Model P L Estimates of parameters Positively  selected sites 
 
M0 : one ratio 
 

















M2:Selection 3 -33999.0008 p0= 0.7685, p1= 0.2306 






3 -33666.6464 p0=  0.5205, (p1= 0.4795) 






5 -33555.0100 p0=   0.2272, p1= 0.4418, p2= 
0.3310 










4 -33540.9163 p0=  0.9849, p = 0.6204, q =  
2.6031 
(p1= 0.0152 ), ! = 2.0778 
BEB 
4 > 0.50 
 
M8a: 
Beta&Omega = 1 
4 -33542.7233 p0=  0.9733, p = 0.6366, q =  
2.801 
(p1= 0.0268 ), ! = 1.0000 
Not allowed  
 
Note: BEB: Bayes Empirical Bayes analysis  
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Results of the branch-site model B with each of the families individually labeled as 
foreground are shown here in Table 2.3; see Figure 2.3a for corresponding foreground 
branches. (Results for model A are given in the Appendix Tables 2 and 3). To determine 
whether there is rate heterogeneity along different branches in the phylogeny, models 
allowing for only site-specific evolution were compared with those allowing for branch-
site specific evolution (i.e. M3 K = 2 with Model B and M1 with Model A). Following 
LRT analysis it was found that both models A and B were significant following !2 test 
with two degrees of freedom. The likelihood score from model B for each family had 
improved significantly from those obtained using model A, as a result, model B was 
determined as the best fit model in each case tested and these results are summarized in 
Table 2.3. 
 
Positively selected sites identified with model B were estimated using NEB method 
(Yang et al. 2000). The results of which are discussed now in detail. 
 
These results show that following gene duplication, each individual type of MHP has 
undergone positive selection in amino acid residues that are unique to that type of MHP, 
see Table 2.3. As positive selection is closely associated with functional shift, we 
postulate that these positively selected sites have significantly contributed to the 
evolution of the functional diversity of these MHP.  
 
For the MPO superfamily, a total of 19 positively selected sites were identified (PP > 
0.50). We have found functional information from the literature on 11 of these sites, 
these are now discussed: Position 80 (Arg) is located within the propeptide sequence and 
is under positive selection. Previous studies indicate that propeptide in MPO plays a key 
role in the processing and sorting of human MPO (Andersson et al. 1998). Position 568 
is under positive selection and is next to the polymorphic site R569W. Mutations in 
position 569 have been shown to suppress posttranslational processing in MPO (Nauseef 
1989). The 2 positions with strongest support, PP > 0.95, are separated by 8 amino acid 
residues on the MPO heavy chain, they are Asn496 and Leu504. These 2 positions along
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Table 2.3: Parameter estimates and likelihood scores for branch-site model, model 
B. 











p0= 0.4975, p1= 0.4553, (p2= 0.0246, p3= 
0.0225) 
Background: 
!0= 0.0458, !1= 0.3307, !2= 0.0458, !3= 
0.3307 
Foreground: 






19 > 0.50 
2 > 0.95 












p0= 0.4967 p1= 0.4469, (p2= 0.0297, p3= 
0.0267) 
Background: 
!0= 0.0464, !1= 0.3322, !2= 0.0464, !3= 
0.3322 
Foreground: 






28 > 0.50 
6 > 0.95 












p0= 0.4431, p1= 0.3884, (p2= 0.0898, p3= 
0.0787) 
Background: 
!0= 0.0470, !1= 0.3414, !2= 0.0470, !3= 
0.3414 
Foreground: 





NEB   
96 > 0.50   
 18  > 0.95    












p0= 0.4358, p1= 0.3690, (p2= 0.1057, p3= 
0.0895) 
Background: 
!0= 0.0479, !1= 0.3468, !2= 0.0479, !3= 
0.3468 
Foreground: 





NEB    
 82 > 0.50       
8 > 0.95 
 
 
Model B allows each foreground lineage to be tested independently of all other lineages, hence 
the four clusters (MPO, EPO, LPO, TPO - each in turn treated as foreground), and estimates 5 
parameters (P) in total. p0,p1, p2 and p3 are proportions of sites in the dataset with the 
corresponding ! value, i.e, !0, !1, !2 and !3 for the foreground and the background lineages 
independently. The final column gives the estimated number of sites with posterior probabilities 
of greater than 0.50 of belonging to the positively selected category. Note: NEB: Naïve 
Empirical Bayes analysis.  
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with Tyr500 are in close proximity to the proximal heme ligand in MPO, His502 
(Furtmüller et al. 2006). Position 259 (Leu) is located between two important distal 
residues, Gln257 and His261, involved in the formation of hydrogen bonds (Furtmüller 
et al. 2006). His261 has an important role in the formation of compound I, a redox 
intermediate of the peroxidase cycle (Dunford 1999). A further four sites (Leu630, 
Gln633, Glu652; (primates Lys652) and Asn654 (primates Lys654) were identified as 
positively selected, PP > 0.70, these are located within a disulfide bond linking helices 
19 and 22 on the MPO heavy chain. Disulfide bonds are associated with the folding and 
stability of proteins and as such are significant to the overall function of that protein 
(Rietsch, Beckwith 1998).  
 
For the EPO clade, 28 sites are positively selected, PP > 0.50. Functional information for 
15 of these sites has been found. One of these, Asp71, is located in the EPO propeptide. 
The inferred phylogeny, shown in Figure 2.1(b), suggests that MPO and EPO are closely 
related enzymes, therefore it may be possible that the EPO propeptide may also be 
crucial for the function of EPO. The region separating the catalytic residues Arg377 and 
His474 (Furtmüller et al. 2006), contains 8 positively selected sites (PP>0.50). Arg377 is 
the conserved prominent distal amino acid associated with hydrogen bond formation.  
The proximal heme ligands His474 (EPO), His502 (MPO) and His468 (LPO), are 
conserved in all the MHP (Furtmüller et al. 2006; Zederbauer et al. 2007). Six of the 28 
positively selected sites, Arg584, Gln588, Arg591, Ala618, Gly626 and Ala627, are 
located on the EPO heavy chain within a single disulfide bond region, this would 
suggest that they are structurally and functionally important to EPO.  Position 441 has 
been identified as positively selected, this residue has also been noted as being 
polymorphic in the human population (Lys/Thr). 
 
There are 18 positively selected sites for the LPO group (PP > 0.95). Functional 
information on 13 of these sites has been found. Residues Glu72, Asn87 and Trp91 are 
found in the LPO propeptide sequence and have a probability of greater than 0.95 of 
being positively selected. Residues Asn255, Phe282, Ser312, Ser352 and Glu355 are all 
located in the disulfide bond region (PP > 0.95). From biochemical analysis both 
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Arg372 (Arg377 in EPO) and His468 are believed to have catalytic properties, and are 
conserved in the MHP (Furtmüller et al. 2006; Zederbauer et al. 2007). Positive 
selection has been detected in His376 (PP > 0.99) just four amino acids downstream of 
the first of these catalytic residues (Arg372), interestingly this site is specific to the 
primate lineage. Also we have detected positive selection in Glu470 (PP > 0.98) adjacent 
to the second catalytic site (His468). Positive selection has also been detected in Asp700 
which is a known genetic variant and Glu240 and Gln245 that are located to the right 
and left of a known human polymorphism A244T.  
 
With the TPO clade treated as foreground, 8 sites are positively selected, PP > 0.95. Of 
these 8 sites, 6 are missing in the alternatively spliced TPO isoform 5, which exhibits 
incorrect protein folding (Ferrand, Le Fourn, Franc 2003).  Asp228 (PP > 0.95), Ala232 
and Ala242 (both PP > 0.50) are in the region of the TPO active site His239. Glu378 has 
also been identified as a novel mutational site (E378K) associated with the common 
inherited deficiency total iodide organification defect (TIOD) and is under positive 
selection in our analysis (Tajima, Tsubaki, Fujieda 2005). 
 
2.3.2.2 Functional Divergence  
Independent analysis for positive selection using DIVERGE software further supports 
our findings, see Table 2.4 for summary of results. Values greater than zero for the 
coefficient of functional divergence, !, indicate a functional shift between clusters. Rate 
heterogeneity among sites varies with respect to the gamma distribution (!). We 
estimated ! for each of the four MHP clusters. This analysis shows significant functional 
constraints among the four MHP clades, with the null hypothesis ! = 0 being rejected for 
all clusters analysed. The analysis of closely related MPO and EPO clusters result in the 
lowest ! value (0.2833 +/-0.0837), and both have microbicidal activity (Table 1.1). ! 
increases at least 1.5 fold for the more distantly related/functionally divergent clusters. 
These results provide statistical evidence of the diverse functions of these MHP 
enzymes.  
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Table 2.4: Summary of results of analysis using DIVERGE software. 
 
 MPO/EPO MPO/LPO MPO/TPO EPO/LPO EPO/TPO LPO/TPO 
!  ML 0.2832 0.4504 0.4984 0.4552 0.4304 0.4280 
SE !  0.0837 0.0744 0.0783 0.1021 0.0950 0.0756 
LRT 
!  
11.4512 36.6860 40.4815 19.8713 20.5223 32.0448 
"  ML 0.3034 0.4221 0.4172 0.4863 0.4654 0.5413 
 
Each cluster analysed is shown in the columns of the table. !  ML: Coefficient of 
functional divergence. SE !: Standard error of the estimate Theta. LRT !: 2 log-
likelihood-ratio against the null hypothesis of !  = 0. "  ML: Gamma shape parameter for 
rate variation among sites. 
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2.3.2.3 3D Modelling and In Silico Mutational Analysis 
The relationship between positive/directional selection and functional shift was further 
tested by analyzing the effect of mutating the residues unique to MPO, EPO and LPO to 
a more ancestral state (majority rule ancestral state) on their respective 3D structure. 
This was achieved by modeling the human protein sequence for each enzyme using 
SwissModel and using the mutate tool in DeepView v3.7, in silico site directed 
mutagenesis has been performed on those positively selected sites (Guex, Peitsch 1997; 
Arnold et al. 2006). No homology model was generated for the human TPO 
representative as a crystal structure for TPO is not yet available and sequence identity to 
other MHP models was minimal. We find that mutating these positions from their 
positively selected state to the majority rule ancestral state causes a variety of effects on 
the hydrogen bond formation within the 3D structure, see Table 2.5, 2.6 and 2.7 for a 
summary of the effects on hydrogen bonds in MPO, EPO and LPO respectively. 
Hydrogen bonds play an important role in maintaining the structural integrity of a 
protein, any disruption of such forces is likely to upset the balance between the structural 
and functional dynamics (Martin et al. 2002). Other non-covalent interactions (e.g. 
hydrophobic and van der Waals forces) and steric hindrances (not assessed) may be 
disrupted as a consequence of these  mutations and, in turn, may further compromise the 
structural integrity of the enzyme of interest. 
 
The structure for MPO with positively selected sites and the heme binding site (His 502) 
is shown in Figure 2.4(a). On mutating each of these 19 (PP > 0.50) positively selected 
amino acids we find that 4 bonds are lost and 4 are independently gained in the protein, 
for summary see Table 2.5. For the mutations: N496F, Y500F, and L504T, the positions 
of the losses and gains of hydrogen bonds are significant as these amino acid are in close 
proximity to the proximal heme ligand His502, shown in Figure 2.4(a). The mutation 
from leucine to threonine at position 504 results in the formation of an additional 
hydrogen bond between Gly501 and Leu504. Gly501 is directly bound to the proximal 
heme ligand. In addition, the N496F mutation illustrated in Figure 2.4(b), results in the 
loss of the hydrogen bond with Asn587. The Asn587 and His502 are connected by a
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Table 2.5: Summary of results from SwissModel/DeepView analysis of MPO 
specific positively selected sites. 
 
Mutation Posterior Probability 
Effect on 
Hydrogen Bond 
C316S 0.815 -/+ 
S414A 0.600 - 
A471R 0.738 + 
P477G 0.948 = 
N496F 0.999 - 
Y500F 0.731 - 
L504T 0.970 + 
R529E 0.657 + 
I568L 0.686 = 
P584A 0.949 = 
L630F 0.767 = 
Q633L 0.737 = 
L652V 0.840 = 
L654G 0.921 = 
S687T 0.648 + 
 
Note: Mutation from positively selected site in MPO (using human model) to the amino 
acid present in TPO at that position (in cases where there was conflict the majority rule 
consensus at that position was taken). Posterior Probability values extracted using NEB 
analysis in model B Codeml. Effect on H-Bonds is classified as  “+” if an increase in the 
number of bonds with positively selected amino acid, “-” if a hydrogen bond or a 
number of hydrogen bonds were lost with the positively selected site, and “=” refers to 
no affect on the hydrogen bond with the positively selected site. 
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Table 2.6: Summary of results from SwissModel/DeepView analysis of EPO specific 
positively selected sites. 
 
Mutation Posterior Probability 
Effect on 
Hydrogen Bond 
A288S 0.854 = 
T381V 0.819 = 
F434Y 0.776 = 
K441P 0.649 = 
R443A 0.998 - 
A444F 0.769 = 
T447Y 0.859 = 
G449P 0.997 = 
C455D 0.991 + 
S456P 0.895 = 
N457T 0.977 + 
V462I 0.582 = 
L468A 0.958 = 
Y511K 0.686 = 
A534Q 0.577 = 
R584E 0.777 + 
Q588E 0.550 - 
R591T 0.928 + 
A618G 0.713 = 
G626R 0.646 = 
A627G 0.503 = 
A644L 0.994 = 
R661A 0.552 - 
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Note: Mutation from positively selected site in EPO (using human model) to the amino 
acid present in TPO at that position (in cases where there was conflict the majority rule 
consensus at that position was taken). Posterior Probability values extracted using NEB 
analysis in model B Codeml. Effect on H-Bonds is classified as  “+” if an increase in the 
number of bonds with positively selected amino acid, “-” if a hydrogen bond or a 
number of hydrogen bonds were lost with the positively selected site, and “=” refers to 
no affect on the hydrogen bond with the positively selected site. 
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Table 2.7: Summary of results from SwissModel/DeepView analysis of LPO specific 
positively selected sites. 
 
Mutation Posterior Probability 
Effect on 
Hydrogen Bond 
E240F 0.993 = 
Q245D 0.992 = 
N255P 0.997 = 
F282A 0.993 = 
S312P 0.999 = 
S352A 0.970 = 
E355P 0.999 = 
H376V 0.991 = 
E470T 0.988 + 
E488H 0.974 + 
H546T 0.985 + 
S697D 0.978 + 
D700T 0.999 + 
A708R 0.977 + 
 
Note: Mutation from positively selected site in LPO (using human model) to the amino 
acid present in TPO at that position (in cases where there was conflict the majority rule 
consensus at that position was taken). Posterior Probability values extracted using NEB 
analysis in model B Codeml. Effect on H-Bonds is classified as  “+” if an increase in the 
number of bonds with positively selected amino acid, “-” if a hydrogen bond or a 
number of hydrogen bonds were lost with the positively selected site, and “=” refers to 




Figure 2.4. Location of positively selected sites in the myeloperoxidase structure 
and their effect on bonding within the structure. (a) 3-D structure of the human MPO 
sequence, highlighted in gold are those sites that are positively selected in MPO, in blue 
is the heme binding site. (b) Example of the effect on hydrogen bonding of one such 
mutation at positively selected position 496 in human MPO from Asparagine to 
Phenylalanine.  
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hydrogen bond (Furtmüller et al. 2006). The loss of the hydrogen bond, as a result of the 
mutation at position 496, is likely to affect the structural integrity of the link between 
Asn587 and His502. Disruption to the hydrogen bonds in this catalytically important 
region may have direct implications for functional divergence of the MPO enzyme. The 
A471R mutation results in an increase in the number of hydrogen bonds associated with 
this position. This position is upstream from Asn483 which is thought to be responsible 
for MPOs dimer interaction (Furtmüller et al. 2006). The mutation from cysteine to 
serine at position 316 results in the formation of a hydrogen bond with Gln329 and the 
loss of one of the bonds to Asp593, see Table 2.5. Cys316 is next to the single 
disulphide bridge (Cys319) that connects MPOs symmetry-related halves (Furtmüller et 
al. 2006). The C316S mutation may potentially disrupt this disulphide bridge.  
 
For the EPO superfamily, 23/28 sites under positive selection with a PP > 0.50 were 
modeled due to the sequence coverage (72 %) between the human EPO sequence and 
the template MPO model selected (PDB accession code 1d2vC). See Figure 2.5 for the 
homology model of human EPO with positively selected sites and the heme binding site 
(His 474) shown. Mutating these residues to that present in its more ancestral 
counterpart, TPO, we find that 70 % of hydrogen bonds are uneffected, 3 bonds are 
disrupted and 4 additional putative bonds are formed, see Table 2.6 for a summary of the 
effects. Position Arg 443 has the highest probability of being under positive selection 
(PP = 0.998), and is within the region separating the two catalytically important residues 
R377 and H474. By mutating to alanine the hydrogen bond with Pro 631 is lost. There is 
a disulphide bond between C578 and C635, so the loss of the hydrogen bond between 
R443 and P631 may disrupt this disulphide bridge. Positions C455 and N457 have also a 
PP > 0.95, mutating these to aspartic acid and threonine respectively result in the 
formation of additional hydrogen bonds, potentially altering the enzyme’s structure. The 
R661A mutation results in the loss of a hydrogen bond with position 655, which is 
adjacent to a know point mutation, D648N, that is associated with EPO deficiency 





Figure 2.5. Location of positively selected sites in the eosinophil peroxidase 
structure. 3-D structure of the human EPO sequence, highlighted in gold are those sites 
that are positively selected in EPO, in blue is the heme binding site. 
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We identified a total of 96 amino acid residues under positive selection in the LPO 
superfamily (PP > 0.50). Due to this high number of sites we restricted our in silico 
mutational analysis to those sites with a PP > 0.95. These positively selected sites andthe 
heme binding (His 468) site are shown in Figure 2.6. The template selected to model the 
human LPO representative sequence was the crystal structure of LPO from cow (PDB 
accession code 2gj1) with 85 % sequence identity. On mutating these residues it is 
suggested that 6 independent hydrogen bonds are formed. When mutated to threonine, 
position 470 forms a hydrogen bond with position 467. Both these positions are 
neighbouring the proximal heme ligand, His 468. The mutation H546T results in the 
formation of a hydrogen with Lys 537. H546T results in an increase in hydrogen bonds 
associated with this position. His 546 is 8 residues from Asn 554, which forms a 
hydrogen bond with heme ligand His 468 (Furtmüller et al. 2006). A disulphide bridge is 
formed between positions 671 and 696. The positively selected site S697, D700 and 
A708 are in close proximity to this bridge and when mutated independently, each result 
in the formation of hydrogen bonds. Residues 695 and 697 are connected via a hydrogen 
bond, therefore, mutating serine to aspartic acid at position 697 may disrupt the 






Figure 2.6. Location of positively selected sites in the lactoperoxidase structure. 3-D 
structure of the human LPO sequence, highlighted in gold are those sites that are 
positively selected in LPO, in blue is the heme binding site. 
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2.4 Discussion  
 
The MHP are a functionally diverse family of enzymes which are implicated in a variety 
of inflammatory and neurodegenerative diseases such as asthma and AD respectively. In 
this study the evolutionary history of the four major groups of MHP; MPO, EPO, LPO 
and TPO, was investigated allowing for the analysis of their functional diversity. 
 
Initial ML and Bayesian phylogenies estimated here for the MHP support previous 
biochemical studies (Sakamaki et al. 2000; Sakamaki, Ueda, Nagata 2002; Furtmüller et 
al. 2006). From Figure 2.3 the order of gene duplication events can be traced, with an 
MPO-EPO-LPO MRCA arising from a gene duplication with extant TPO; then a further 
duplication event that gave rise to, (i) the MPO-EPO MRCA, and (ii), the lineage 
leading to extant LPO; and the final and most recent duplication of the MPO-EPO 
MRCA into extant MPO and EPO clades. Peroxidasin is the outgroup to the MHP 
sequences and was included in the analysis to illustrate that TPO is the most ancestral 
MHP (Figure 2.1a). However, the species relationships estimated within these clearly 
defined clades were in disagreement with the previously resolved mammalian phylogeny 
(Murphy et al. 2001).   
 
Including all sites of the alignment in the analysis, it is evident that the major types of 
MHP form monophyletic clades and are therefore the result of gene duplication events 
prior to speciation of modern day mammals; see Figure 2.1(a). However, also evident 
from Figure 2.1(a), species with more similar generation times are clustered together, 
with species of shorter generation times and therefore more rapid rates of mutation 
assuming a basal position in the phylogeny. This observed branching pattern could be a 
result of LBA, incorrect ortholog prediction or hidden paralogy.  
 
If a phylogeny is seen to approach the ideal by removing the most rapidly evolving sites, 
then it is proposed that LBA is most likely to have contributed to the misleading 
phylogeny. To test for the presence of LBA, 8 categories of rates of evolution for all 
sites were calculated, from the most rapidly evolving to the most slowly evolving. It was 
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observed that the sequential removal of rapidly evolving categories of sites from the 
alignment decreased the difference, in terms of nodal distance RMSD, between the 
phylogeny produced and the ideal phylogeny. This occurred only for removal of the 4 
fastest evolving categories of site from the alignment. Further removal after this point 
resulted in increased RMSD values between the phylogeny produced and the ideal. The 
MHP phylogeny shown in Figure 2.3(a), with maximum number of sites and minimum 
amount of noise. It is proposed that a possible reason for the presence of LBA in this 
dataset is the presence of taxa with vastly different generation times. The rodentia have 
previously been shown as “fast evolving” due to their short germ-line generation time, 
whereas species such as dogs and humans have longer germ-line generation times (Li, 
Tanimura, Sharp 1987; Ohta 1993; Li et al. 1996). In any given dataset there are sites 
that are variable and sites that are invariable, this pattern is conserved across 
homologous sequences. In a dataset with a mixture of germ line generation times, the 
mutation rate in the species with shorter germ line generation times will be higher, 
because the number of cell divisions per unit time is greater. Therefore the number of 
mutations in the variable regions will increase for these species. The result is an LBA 
effect derived from having a mixture of long and short germ line generation times in the 
dataset, where the species with a short germ line generation time assumes a basal 
position in the phylogeny (Ohta 1993; Moreira, Philippe 2000). A number of approaches 
have been explored to systematically deal with fast evolving taxa the most popular 
include, (1) reconstructing the phylogeny based on slow evolving sites (applied here), 
(2) increasing the sample size, this is based on the assumption that increasing the sample 
size actually increases the number of slowly evolving positions, (3) decreasing the 
distance to the outgroup, and (4) using more accurate models of sequence change such 
as covarion derivatives.  
 
The gene tree - species tree reconciliation analysis has verified the duplication pattern 
amongst the MHP. However, it is believed that current methods of reconciliation such as 
the one used here may be biased towards inferring excess gene duplication and 
differential loss events, as is the case here. The method only considers the topology and 
not the corresponding alignment or any rate heterogeneity that may exist (Page, Cotton 
 84 
2002). It should also be highlighted that the variation of the “Slow-Fast” method 
employed here is an approximate method for a complex evolutionary dynamic and is not 
without its limitations.  
 
Using this fully resolved phylogeny, positively selected sites have been identified, 
through the use of Bayesian estimation, unique to all four MHP; MPO, EPO, LPO and 
TPO. The majority of these sites are in close proximity to catalytically important 
residues, suggesting that they may potentially be linked to functional shifts across the 
MHP.  The conserved proximal histidines in close proximity to sites under positive 
selection in MPO, EPO and LPO are crucial in preserving the redox properties of the 
heme iron for catalysis (Furtmüller et al. 2006). The conserved distal histidines, also 
shown here to be in the vicinity of positively selected sites, act as both proton acceptors 
and donor to oxygen during the formation of Compound I, which is an integral step in 
the peroxidase pathway (Furtmüller et al. 2006). A number of sites identified under 
positive selection are located in disulphide bond regions, which are believed to be 
crucial to the structure and function of a protein. Disruption of such regions can be 
detrimental to the enzymatic stability and activity (Rietsch, Beckwith 1998; Grebski, 
Peterson, Medici 2001). In particular, six sites pertaining to the LPO family are linked to 
the same disulphide bond. This strongly suggests that these sites are associated with the 
unique function of LPO as they are not present in the two closely related families MPO 
and EPO. In the TPO analysis the majority of the sites with highest probability of being 
positively selected are located in exon 8 of the protein. Deletion of exon 8 results in 
misfolding of the TPO protein (Ferrand, Le Fourn, Franc 2003). Exon 8 is also believed 
to be part of TPOs catalytic centre (exons 8, 9 and 10) (Ambrugger et al. 2001). TPO 
functional defects are strongly associated with TIOD and several deleterious mutations 
within this catalytic region have been reported, (Ambrugger et al. 2001; Ferrand, Le 
Fourn, Franc 2003; Rodrigues et al. 2005). One of the positively selected sites in TPO is 
associated directly with an inherited deficiency disorder (Rodrigues et al. 2005).  
 
The detailed in silico site directed mutagenesis of the positively selected sites for MPO, 
EPO and LPO has shown that mutating these positions from their positively selected 
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amino acid state to an alternative ancestral state results in loss/gain of hydrogen bonds 
between alternative amino acid positions for other sites in particular in the heme binding 
region of the respective structures. The sites that have been identified as positively 
selected in the MHP have played a major role in the functioning of these enzymes as 
evidenced by mutational studies, proximity to active sites and catalytic residues, and 
inherited disorders.  
 
The results of this study show for the first time from molecular sequence data (i) how 
this medically important group of enzymes are related to each other, and (ii) suggest that 
following gene duplication, positive selection has led to the functional diversity 
observed for the MHP. 
 
In order to determine if these predictions from the evolutionary analysis of the MHP 
phylogeny were robust, it was necessary to examine these positively selected sites in 
more detail. To this end, site directed mutagenesis of a small number of sites was carried 





In vitro study of positively selected sites in the human MPO enzyme. 
 
The following study was carried out in collaboration with Prof. William Nauseef at the 
Iowa Inflammation Program, Department of Medicine, University of Iowa and Veterans 




Myeloperoxidase (MPO) (EC 1.11.1.7) is a member of the hemoprotein family known as 
the mammalian heme peroxidases (MHP) (Figure 3.1) (Chapter 2). This homodimeric 
heme-containing protein is found predominantly in the azurophilic granules of 
monocytes and neutrophils (polymorphonuclear leukocytes (PMNs)) where its function 
is critical in the oxygen-dependent innate immune responses of phagocytotic cells 
(Klebanoff 1970; Klebanoff 1991). All members of the MHP participate in both 
peroxidation and halogenation cycles, whereby compound I, produced by reaction with 
H2O2, catalyzes one and two electron oxidations, respectively. However, MPO is unique 
amongst the MHP in its capacity to catalyze the two-electron oxidation of chloride at 
physiologic pH, thereby generating hypochlorous acid (HOCl). MPO-dependent 
production of HOCl in the neutrophil phagosome supports potent oxidant killing of 
bacteria, fungi and tumour cells (Clark, Szot 1981; Stendahl et al. 1984; Koeffler, 
Ranyard, Pertcheck 1985; Nauseef 1986; Nauseef, Olsson, Arnljots 1988; Dale, Boxer, 
Liles 2008). In addition, MPO-derived oxidants contribute to the initiation and 
propagation of inflammatory diseases such as atherosclerosis, degenerative disorders, 
and autoimmune syndromes, adding to the medical interest in MPO biology (Klebanoff 
2005).  
 
The clinical importance of MPO in human immunity is highlighted by inherited MPO 
deficiency,  first observed in the mid-1900s by P. and A. Alius (1954) and Grignaschi et 
al. (Grignaschi et al. 1963). Undritz first assigned the term Alius-Grignaschi Anomaly to 
the observed condition that is now commonly known as MPO deficiency (Undritz 1966). 
MPO-deficient neutrophils have varied degrees of impaired microbicidal capacity, with 
a reduced activity against selected bacteria and an inability to kill several species of 
Candida (Lehrer, Cline 1969; Lehrer, Hanifin, Cline 1969; Klebanoff 1970; Klebanoff 
2005). Studies on known causative mutations of MPO deficiency provide invaluable 
insights into the consequences of genetic abnormalities/mutations on protein function. 




Figure 3.1. Human myeloperoxidase. The two identical monomers of the homodimer 
are seen in green and blue, the incorporated heme group in red and the disulphide bridge 




six genetic mutations that have been demonstrated to exhibit aberrant biosynthesis  of 
MPO: Y173C, M251T, R499C, G501S, R569W and a 14-base deletion in exon 9 
(Nauseef, Brigham, Cogley 1994; Nauseef, Cogley, McCormick 1996; Romano et al. 
1997; DeLeo et al. 1998; Ohashi et al. 2004; Persad et al. 2006). 
 
Six mutations have also been identifed in an Italian study of MPO deficient patients that 
are believed to be associated with the deficiency by affecting the structural integrity of 
the enzyme. These mutations are: A332N, D371G, L572W, W643R, an adenine deletion 
within exon 3 and a mutation within the 3' splice site of intron 11 (Marchetti et al. 
2004b; Marchetti et al. 2004a). All of the above mutations associated with MPO 
deficiency are summarised in Table 3.1. The missense mutations Y173C, R499C, 
R569W, and G501S result in mutant precursors that fail to undergo proteolytic 
maturation and consequently lack significant peroxidase activity (Nauseef, Cogley, 
McCormick 1996; DeLeo et al. 1998; Goedken et al. 2007). Further to this, the missense 
mutation, M251T, results in inefficient processing into mature MPO with a significant 
reduction in enzymatic activity (Romano et al. 1997). 
 
Human MPO is encoded by a single gene located on the long arm of chromosome 17. Its 
biosynthesis takes a series of modifications involving the incorporation of heme which 
leads ultimately to the production of an active homodimer (see Figure 3.2 for a 
schematic of normal human MPO biosynthesis). The primary 80 kDa translation 
product, preproMPO, undergoes glycosylation producing the enzymatically inactive 
apoproMPO. Subsequent insertion of heme into the peptide backbone of apoproMPO 
generates the active 90 kDa heme-containing precursor, proMPO. Heme incorporation 
during MPO biosynthesis is a prerequisite for its activity. Two molecular chaperones, 
calreticulin (CRT) and calnexin (CLN), are associated with the biosynthesis of MPO 
precursors in the endoplasmic reticulum (ER). These ER molecular chaperones play a 
role in correct folding of glycoproteins (Helenius et al. 1997). Both chaperones interact 
with apoproMPO, perhaps facilitating correct folding of the precursor. It has been 
suggested that CRT participates in the incorporation of the heme group into apoproMPO 
to generate the active proMPO precursor in the ER, with subsequent exit into the Golgi
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R569W Maturational arrest Nauseef et al. 1994; 
Nauseef et al. 1996  
M251T Low enzyme activity Romano et al. 1997  
14-base deletion exon 9 Aberrant mRNA splicing Romano et al. 1997  
Y173C Malfolded protein DeLeo et al. 1998  
G501S Aberrant processing Ohashi et al. 2004; 
Goedken et al. 2007  
R499C Aberrant processing Persad et al. 2006; 
Goedken et al. 2007  
Putative MPO Deficiency 
Mutations 
Effect Reference 
A332V Potential structural changes Marchetti et al. 2004a; 
Marchetti et al. 2004b 
D371G Potential structural changes " 
L572W Potential structural changes " 
W643R Potential structural changes " 
Adenine deletion exon 3 Frame shift resulting in a 
premature stop codon in pro-
peptide 
" 
Mutation in 3' splice site 
intron 11 
Potential aberrant mRNA 
splicing 
" 
All mutations have been identified by genotyping. The ‘Known Causative Mutations’ 
have been characterised in vitro, potential effects of “Putative MPO Deficiency 
Mutations’ have been suggested. 
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Figure 3.2. Normal MPO biosynthesis.  A schematic of the normal processing and 
maturation of human MPO. The synthesised 80 kDa primary translation product 
(preproMPO) consists of a propeptide region and a small and large subunit. 
Glycosylation of preproMPO yields the inactive 90 kDa precursor (apoproMPO). 
ApoproMPO associates with molecular chaperons, calreticulin and calnexin, in the 
endoplasmic reticulum (ER), resulting in the incorporation of the essential heme co-
factor, generating the active precursor (proMPO). Upon heme acquisition, proMPO exits 
to the Golgi for further processing and granule targeting. A short-lived 75 kDa 
intermediate (lacking the propeptide region) is subsequently cleaved into a two-subunit 
(13.5 and 59 kDa) monomer form. A 150 kDa homodimer (mature MPO) is formed with 
each monomer linked by a disulphide bond. Adapted from (Olsson, Bulow, Hansson 
2004).
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(Nauseef, McCormick, Clark 1995; Hansson, Olsson, Nauseef 2006). proMPO 
undergoes further processing and dimerises to produce the mature homodimer. The two 
identical monomers are linked by a disulphide bridge at position C319 resulting in 
mature dimeric MPO of approximately 150 kDa (Hansson, Olsson, Nauseef 2006). Each 
monomer consists of  a heavy and light subunit of 59 kDa and 13.5 kDa respectively.  
 
In this thesis an evolutionarily informed approach to identify and prioritise functionally 
essential sites for targeted mutagenesis has been used. It is generally accepted that the 
primary activity of MPO is the generation of HOCl, a capacity unique to MPO among its 
MHP counterparts. Previously, it has been shown that positive selective pressure on the 
four main members of the MHP family [MPO, eosinophil peroxidase (EPO), thyroid 
peroxidase (TPO) and lactoperoxidase (LPO)] contributed to the observed functional 
diversity in these enzymes (Chapter 2). Amino acid residues have been identified that 
are unique to MPO and are predicted to have played an important role in the evolution of 
its specific function. The correlation between positive selective pressure, as measured by 
nucleotide substitutions and codon based models of evolution (Yang 1997; Yang et al. 
2000), and functional divergence has rarely been investigated at both the genotypic and 
phenotypic level.  
 
To test the hypothesis that the identified residues reflect positively selected amino acid 
residues essential for the unique function of MPO, a directed mutagenesis approach was 
applied followed by biochemical analyses of the effects of mutating these residues 
(Nauseef, Cogley, McCormick 1996; DeLeo et al. 1998; Goedken et al. 2007). Site 
directed mutagenesis was performed on four sites, R80, N496, Y500 and L504, 
identified from the in silico evolutionary study in chapter 2. These sites were chosen 
based on: (i) the confidence score from the in silico predictions, (ii) their spatial 
relationship with the proximal heme ligand, His 502, and (iii) their proximity to R499C 
and G501S, mutations known to cause MPO deficiency. Position R80 is located in the 
propeptide region and not in the heme pocket. Based on the resolved phylogenetic 
history of the MHP, R80, N496, Y500 and L504 sites were mutated in vitro to their 
more ancestral state, methionine (M), phenylalanine (F), F and threonine (T), 
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respectively (R80M, N496F, Y500F and L504T). Site directed mutagenesis at positons 
80 and 496 was unsuccessful; therefore, only mutations at positions 500 and 504 were 
further analysed. This study has demonstrated that the substitutions Y500F and L504T, 
independently and in combination (i.e. double mutant), disrupted normal MPO 
biosynthesis and severely decreased enzymatic activity. These findings indicate that 
these residues are indeed closely associated with MPO-specific enzymatic function and 





3.2.1 Biological Materials 
The following tables detail the biological materials used in this study: 
 
Table 3.2: Mammalian Cell lines used in this study. 
 
Cell Line Description 
HEK 293* Human embryonal kidney cells 293 (HEK) lacking endogenous MPO 
HEK MPO HEK cell line stably transfected with pMPO, capable of expressing 
recombinant hMPO 
HEK Y500F HEK cell line stably transfected with pMPO-Y500F, capable of 
expressing variant recombinant hMPO 
HEK L504T HEK cell line stably transfected with pMPO-L504T, capable of 
expressing variant recombinant hMPO 
HEK 
Y500F/L504T 
HEK cell line stably transfected with pMPO-Y500F/L504T, capable 
of expressing variant recombinant hMPO 
*Obtained from American Type Culture Collection (Manassa, VA), ATCC CRL-1573, 
All other cell lines were generated in this study. 
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Table 3.3: Antibodies used in this study. 
 




Rabbit anti-MPO Rabbit polyclonal anti-
sera directed against 
hMPO 
Professor William 
M. Nauseef, Iowa 
Inflammation 
Program, University 






(whole molecule) – 
peroxidase antibody 
produced in goat 
A goat anti-rabbit 
antibody that reacts with 
rabbit IgG, and is 







actin produced in 
mouse, clone AC-15 
An IgG purified 
monoclonal that 
recognises an N-terminal 





Goat anti-mouse IgG, 
Alkaline Phosphatase 
(AP) conjugate.  
A goat anti-mouse 
antibody that reacts with 
mouse IgG, and is 
conjugated to AP 
Promega 
 
Table 3.4: Bacterial strain used in this study. 
 
Bacterial Strain Genotype Source 
E. coli XL10-Gold Tetr D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte 




Table 3.5: Plasmids used in this study. 
 
Plasmid Description Source 
pcDNA3.1(-) Neo Mammalian high-level constitutive expression 
vector with CMV enhancer-promoter. Ampicillin 
and geneticin™ resistance for selection in E. coli 
and mammalian cells respectively. 
Invitrogen 
pcDNA-MPO pcDNA3.1(-) Neo with hMPO gene present. Prof. Nauseef, 
Iowa, USA 
pMPO pcDNA3.1(-) Neo with hMPO gene present, no 
missense mutations present.  
Prof. Nauseef, 
Iowa, USA 
pMPO-Y500F pMPO with tyrosine at position 500 replaced with 
phenylalanine 
This study 





pMPO with tyrosine at position 500 replaced with 
phenylalanine and leucine at position 504 replaced 
with threonine 
This study 
pUC18 Transformation control vector Stratagene 
pWhitescript™ Mutagenesis control vector Stratagene 
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Table 3.6: Oligonucleotides used in this study. 
 
Target Primer Sequence 
pcDNA3.1 For* 5'-GGCTAACTAGAGAACCCACTG-3' 
pcDNA3.1 Rev* 5'-GGCAACTAGAAGGCACAGTC-3' 
Mid For* 5'-CCAGCTGTTGGACCACGACCTCG-3' 
Mid Rev* 5'-GACTCAGTGGACCCACGCATCGCC-3' 
R80M For† 5'-CCTACAAGGAGATGCGGGAAAGC-3' 
R80M Rev† 5'-GCTTTCCCGCATCTCCTTGTAGG-3' 
N496F For† 5'-CGTCTTCACCTTTGCCTTCCGC-3' 
N496F Rev† 5'-GCGGAAGGCAAAGGTGAAGACG-3' 
Y500F For† 5'-CCTTCCGCTTTGGCCACACCC-3' 
Y500F Rev† 5'-GGTGTGGCCAAAGCGGAAGGC-3' 
L504T For† 5'-GGCCACACCACCATCCAACCC-3' 
L504T Rev† 5'-GGGTTGGATGGTGGTGTGGCC-3' 
*Sequencing primers  †Mutagenic primers 
 
Letters in boldface indicate the specific nucleotide base changes required to alter the 




3.2.2 DNA Manipulation  
 
3.2.2.1 Plasmid Preparation 
A single E. coli XL-10 Gold plasmid-bearing colony was picked from a LB agar plate 
containing 100 !g/mL ampicillin and used to inoculate 10 mL of LB ampicillin (100 
!g/mL) liquid broth. This was incubated overnight (>16 h) at 37 ºC and 220 rpm. The 
plasmid of interest was purified using the Sigma-Aldrich GenElute™ Plasmid Miniprep 
Kit. Overnight culture (1.5 mL) was harvested by centrifugation at 16,000 x g for 1.5 
min. Supernatant was discarded and the cell pellet was resuspended in 200 !L 
Resuspension Solution by pipetting. Lysis Solution (200 !L) was then added and the 
contents were mixed by inversion and allowed to clear for up to 5 min. Neutralisation 
Solution (350 !L) was added and the contents were mixed by inversion. Cell debris was 
pelleted for 10 min at 16,000 x g. The binding column was prepared by passing 500 !L 
of Column Preparation Solution through at 16,000 x g for 1 min and discarding the flow 
through. Plasmid DNA was bound to the column by passing the cleared lysate through at 
16,000 x g for 1 min, discarding the flow through. Contaminants were removed by 
washing the DNA-bound column with 500 !L of Optional Wash Solution at 16,000 x g 
for 1 min. Wash Solution (750 !L) was then added and centrifuged for 1 min 16,000 x g. 
The flow through was discarded and the column was centrifuged for 1 min at 16,000 x g 
to dry it. The dry DNA-bound column was transferred to a new collection tube and the 
purified plasmid DNA was eluted from the column by passing 50 !L of Elution Solution 
through at 16,000 x g for 1 min. 
 
3.2.2.2 Restriction digestion of DNA 
Restriction analysis was carried out to cut specific fragments from a plasmid. Restriction 
digest patterns were predicted for DNA sequences using NEBCutter online tool 
(http://tools.neb.com/NEBcutter2). All restriction enzymes used were supplied with 10X 
concentration of incubation buffers (working concentration 1X). DNA digestions were 
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performed according to manufacturer’s instruction (New England Biolabs) and 
incubated for up to 3 h at the optimum restriction enzyme temperature. 
 
3.2.2.3 Ligation of DNA  
Equimolar amounts of vector and insert DNA (1 !g) were ligated overnight at 17 ºC or 
for 3 h at 22 ºC in Invitrogen’s T4 DNA ligase buffer (10 units of T4 DNA ligase/mL) in 
a total volume of 10 !L. Ligated samples were then incubated at 70 ºC for 10 min to 
inactivate the ligase and were then transformed immediately or stored at -20 ºC until 
required. 
 
3.2.2.4 Site directed mutagenesis 
pMPO was used as template DNA for mutagenesis. The mutagenesis PCR reaction mix 
(Table 3.7) was designed according to the Stratagene QuickChange® II XL Site-
Directed Mutagenesis Kit guidelines and was utilised for all site-specific mutagenesis. 
 
Table 3.7: Mutagenesis PCR reaction mix.  
Component Volume 
sH2O 34 !l 
10X reaction buffer 5 !l 
pMPO (10 ng/!L) 2 !l 
Forward primer (100 pmole) 2 !l 
Reverse primer (100 pmole) 2 !l 
dNTP mix (10 mM) 1 !l 
Quick solution 3 !l 
Pfu turbo polymerase (2.5 U/µL) 1 !l 
 
All mutagenesis PCR reactions were performed in a Thermo Electron Corporation PX2 
Thermal Cycler under the cycle conditions in Table 3.8. 
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Table 3.8: Mutagenesis PCR programme. 
Segment Cycles Temperature Time 
1 (Denaturation) 1 95 ºC 1 min 
 95 ºC 50 sec 
18 65 ºC 50 sec 
2 (Cycling: Denaturation-
Annealing-Elongation) 
 68 ºC 7 min 40 sec 
3 (Elongation) 1 68 ºC 7 min 
 
The amplification products were digested with 1 !L of Dpn I (10 U/µL) for 1 h at 37 ºC 
to digest parental DNA. Dpn I-treated DNA was transformed into Stratagene XL10-
Gold ultracompetent cells. 
 
3.2.2.5 Transformation 
Stratagene XL10-Gold ultracompetent cells were transformed by heat shock. All media 
components, complex buffers and solutions are described in the Appendix. A microfuge 
tube of ultracompetent cells was allowed to thaw on ice.  Thawed cell susspension (45 
!L) was aliquoted into a 14 mL BD Falcon tube. !-Mercaptoethanol (2 !L) was added 
and mixed by swirling every 2 min for 10 min on ice. Dpn I-DNA (2 !L) was added, 
mixed by swirling and incubated on ice for 30 min. The sample was then incubated at 42 
ºC for 30 sec and immediately incubated on ice for a further 2 min. Preheated (42 ºC) 
NZY+ medium (500 !L) was added, the contents mixed by swirling and incubated at 37 
ºC for 1 h  at 220 rpm. Experimental sample (250 !L) was then plated on LB agar 
containing 100 !g/mL ampicilin. Mutagenic and transformation control samples (250 
!L each) were then plated on LB agar containing 100 !g/mL ampicillin, 80 !g/mL X-
gal and 20 mM IPTG. All plates were incubated overnight at 37 ºC. Resultant 




3.2.2.6 Agarose gel electrophoresis 
Electrophoresis through agarose gel is commonly used to separate, identify and 
sometimes purify DNA fragments. Agarose gel was prepared by boiling 0.7-1 % w/v 
agarose in 1 X TAE (Appendix) until the solution became translucent. The solution was 
allowed to cool and then poured into the mould apparatus; combs were inserted and the 
solution was allowed to solidify. The gel was placed in the gel box apparatus, the comb 
was removed and 1X TAE buffer was added to fill the electrode chamber and gel box 1 
cm above the level of the gel. DNA samples containing loading buffer (Appendix) were 
loaded into the wells and the gels were electrophoresed at 100 Volts for approx. 1 h.  
DNA ladders of 1 kb were also used. Gels were stained by immersing in a bath of 
ethidium bromide (Appendix) for 25 min and destained with water for 10 min. The gels 
were visualised with a UV transilluminator and photographed using a UV image 
analyser. 
 
3.2.2.7 DNA quantification and sequencing 
Sequencing of plasmid DNA was performed to verify (i) the presence of desired 
mutations, (ii) the absence of unintentional mutation, and (iii) “in-frame” insertion of 
DNA fragments following cloning. Plasmid DNA was prepared as per Section 3.2.2.1. A 
sample of plasmid DNA (1 !L) was applied to a NanoDrop Spectrophotometer ND-100 
and the concentration of DNA in the sample was recorded. A sample of plasmid (15 !L; 
50-100 ng/!L) was sent to Eurofins/MWG-Biotech, London, United Kingdom or 
Integrated DNA Technologies, Iowa, U.S.A for sequencing using the appropriate 
sequencing primers in Table 3.6. 
 
3.2.3 Cell Culture Methods 
All tissue culture techniques were performed in a sterile environment using a Holten 




3.2.3.1 Culture of adherent cells 
All HEK cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10 % (v/v) fetal bovine serum, 100 U/mL penicillin, 100 !g/mL 
streptomycin, 100 mM HEPES and 2 mM L-glutamine and selected using 600 !g/mL G-
418 sulphate (with the exception of the wild type HEK 293 cell line). HEK cells were 
seeded into 25 cm2 and 75 cm2 tissue culture flasks. All cell lines were incubated in a 
humidified 5 % CO2 atmosphere at 37 ºC in a cell culture incubator. Adherent cells were 
detached by trypsinisation or basic dislodgement by tapping flask sides. The cell 
suspension was decanted into a sterile centrifuge tube and centrifuged at 200 x g for 6 
min. Cells were resuspended in supplemented medium at 2 to 5 x 105 cells/mL, using 5 
mL per 25 cm2 and 15 mL per 75 cm2 flasks, and incubated as above. 
 
3.2.3.2 Cell counts 
Viable cells were counted using ethidium bromide/acridine orange (EB/AO) staining, 
where viable cells fluoresce green and apoptotic cells have red-orange fluorescence. 
Viable cells were counted on a haemocytometer slide. Cell sample (20 !L) was added to 
80 !l of 1X EB/AO solution and mixed by pipetting. Ten microlitres of this mixture 
were added to the counting chamber of the haemocytometer and cells were visualized 
using a Nikon Eclipse e200 fluorescent microscope. Cell counts were expressed as the 
number of cells per mL.  
 
3.2.3.3 Transient transfection 
Mutagenic plasmid (12 !g) was diluted in cell growth medium containing no serum, 
protein or antibiotics to a total volume of 150 !L. Qiagen® PolyFect Transfection 
Reagent (115 !L) was added and the sample was mixed by pipetting and incubated at 
room temperature for 10 min. Spent growth medium from 40-80 % confluent HEK 293 
cells (75 cm2 flask) was gently aspirated. Cells were gently washed once with 15 mL of 
1X PBS without dislodging from flask surface. Fresh growth medium (7 mL) containing 
supplements was added. Fresh supplemented medium (1 mL) was added to the 
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transfection sample. This mixture was then added to the HEK 293 cells and incubated 
overnight in a humidified 5 % CO2 atmosphere at 37 ºC in a cell culture incubator. 
 
3.2.3.4 Stable transfection 
Stable cell lines were established by transfection (Section 3.2.3.3) followed by selection 
with G-418 sulphate 48 h later. Within 3-6 weeks, G-418 sulphate (400 up to 600 
!g/mL) resistant cells grew out. 
 
3.2.4 Protein Analysis 
 
3.2.4.1 3D modeling and in silico mutational analysis 
Homology modeling and in silico mutational analysis of two previously identified 
myeloperoxidase specific positively selected sites (positions Tyr500 and Leu504) were 
performed and the impact, in silico, of two single mutations (Y500F and L504T) and the 
double mutant (Y500F/L504T) on hydrogen bonding was assessed as described in 
Chapter 2. 
 
3.2.4.2 Pulse-chase analysis of MPO biosynthesis 
Radioactive pulse-chase experiments can be utilised to track the progression of cellular 
processes over time. All medium components, complex buffers and solutions are 
described in the Appendix. Spent medium from overnight transient/stable transfectants 
was gently aspirated. Fresh cell growth medium (10 mL) containing serum, antibiotics 
and 2 µg/mL hemin was added and incubated overnight at 37 ºC and 5 % CO2. Spent 
medium was gently aspirated. Cells were washed twice with 10 mL of PBS. Methionine-
free cell growth medium (5 mL) containing 2 µg/ml hemin was added and incubated for 
1 h at 37 ºC and 5 % CO2. Cells were pulse-labelled with 25 µCi/mL 35S (specific 
activity: 1,500 Ci/mmol) for 1 h  at 37 ºC and 5 % CO2. Cells were then chased for 20 h  
at 37 ºC and 5 % CO2 by the addition of 50 µL of 100 mM cold methionine. Cells and 
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medium were collected by centrifugation for 6 minutes at 200 x g. Inhibition buffer (26 
µL) was added to 1 mL of medium and stored on ice for 20 minutes. Cell pellets were 
resuspended in 400 µL Leu-pep buffer, 4 µl 100 mM PMSF-isopropanol  was added and 
the mixture was stored on ice for 20 min. Non-immune serum (7 µL) was added to 200 
µL of cell mix and 1 mL of supernatant mix. Samples were tumbled for 30 min at 4 ºC. 
Pansorbin (50 µL) was added and samples were tumbled for 30 min at 4 ºC. Pansorbin 
pellets were collected by centrifugation for 4 min at 16,000 x g and discarded. Dilution 
buffer (300 µL) was added to the cell supernatant. Anti-MPO (7 µL) was added to each 
medium supernatant and buffered cell supernatant and tumbled for 4 h  at 4 ºC. 
Pansorbin (50 µL) was added and samples were tumbled overnight at 4 ºC. Samples 
were collected at 16,000 x g for 30 sec; supernatant was discarded. Pellets were washed 
with 900 µL 0.5 % (v/v) Triton 100/TBS and collected at 16,000 x g for 30 sec; 
supernatant was discarded. Pellets were washed with 900 µL 2 M Urea/0.5 % (v/v) 
Triton 100/TBS and collected at 16,000 x g for 30 sec, supernatant was discarded. 
Pellets were washed with 900 µL 1 mg/ml BSA/0.5 % (v/v) Triton 100/TBS and 
collected at 16,000 x g for 30 sec; supernatant was discarded. Pellets were washed with 
900 µL TBS and collected at 16,000 x g for 30 sec; supernatant was discarded.  Pellets 
were resuspended in 65 µL SDS sample buffer. Samples were heated to 100 ºC for 4 
min, centrifuged at 16,000 x g for 4 min and the supernatant was analysed by SDS-
PAGE. Gels were washed in destaining solution for 20 min, followed by washing in 
water for 20 min and finally by staining in 1 M sodium salicylate, pH 6.2. Stained gels 
were then dried under vacuum at 80 ºC. This was followed by autoradiography by 
exposing dry gels to X-ray film for up to 4 days and developing. MPO-related protein 
was quantified by densitometry using a PhosphorImager (Typhoon 9410, Amersham 
Biosciences). 
 
3.2.4.3 SDS-polyacrylamide gel electrophoresis 
Polyacrylamide gel electrophoresis (PAGE) is used to separate proteins based on their 
electrophoretic mobility. PAGE is generally performed in the presence of sodium 
dodecylsulphate (SDS), a negatively charged detergent that binds to all types of protein 
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molecules. SDS-protein complexes migrate through the polyacrylamide gels based on 
the size of the polypeptide.  
 
SDS-PAGE was performed using a 10 % (v/v) resolving gel and a 5 % (v/v) stacking 
gel. Gel components, buffers and solutions were prepared as detailed in the Appendix. 
An ATTO protein gel electrophoresis apparatus was used in this study. Glass plates, 
gasket and comb were washed with detergent, rinsed with dH2O and wiped in one 
direction with 100 % (v/v) ethanol. A gasket was placed around the ridged plate and the 
plates were assembled and secured with clamps. The resolving gel was poured to below 
2.5 cm from the top of the plates and overlaid with 100 % (v/v) ethanol until the gel 
polymerised. The ethanol was removed and the stacking gel was poured to the top of the 
plates. A comb was inserted and the gel was allowed to polymerise. The electrophoresis 
tank was filled to approx. 5 cm from the base of the tank with 1X running buffer. The 
clamps and gasket were removed from the polymerised gel and the gel was lowered into 
the buffer, excluding any air bubbles from the base of the gel. The gel was secured in 
place using pressure plates. The tank was filled with 1X running buffer and the comb 
was removed. Sample wells were rinsed with 1X running buffer to remove any un-
polymerised gel. Samples were loaded and electrodes attached. The gel was 
electrophoresed at a constant current of 30 mA per gel until the blue dye front reached 
the bottom of the gel. The glass plates were removed and the gel was subjected to 
staining (Section 3.2.4.2 or Section 4.2.4.7 (Chapter 4 analyses)) or western blotting 
(Section 3.2.4.4). 
 
3.2.4.4 Western blotting 
3.2.4.4.1 Preparation of MPO protein for western blotting 
All medium components, complex buffers and solutions are described in the Appendix. 
Supplemented cell growth medium containing 2 µg/mL hemin was added to 60-70 % 
confluent cells and incubated for 48 h at 37 ºC and 5 % CO2. Cells were collected by 
centrifugation at 200 x g for 6 min, spent medium was removed and 1000 !L of packed 
cells were stored at 4 ºC. Cell pellets were resuspended in 10-15 mL 1X PBS and 
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centrifuged at 200 x g for 6 min; the supernatant was discarded. This step was repeated 
and pellets were resuspended in the same volume of 1X PBS. Cells were counted as per 
Section 3.2.3.2. At least 5 million cells/mL were collected by centrifugation at 200 x g 
for 6 min. The cell pellet was resuspended in 1000 !L 1X PBS and transferred to a 
microcentrifuge tube. Cells were pelleted by centrifugation at 200 x g for 6 min. Packed 
cell pellets were resuspended by vortexing in 20 volumes of ProteoJET™ Mammalian 
Cell Lysis Reagent (containing protease inhibitors) to 1 volume of packed cells. The 
mixture was tumbled at room temperature for 10 min. The cell lysate was clarified by 
centrifugation at 16,000 x g for 15 min and was either used immediately or stored at -80 
ºC. An equal volume of 2X SDS loading buffer was added to the clarified lysate and 
supernatant samples. The mixture was boiled for 5 min and the cell debris was pelleted 
by centrifugation at 16,000 x g for 10 min and discarded. The samples were then 
subjected to SDS-PAGE as per section 3.2.4.3 or stored at -20 ºC. 
 
3.2.4.4.2 Immunological probing  
Electrophoretically separated proteins were transferred from the polyacrylamide gel to a 
nitrocellulose membrane using the Invitrogen iBlot™ Dry Blotting System. MPO-
related proteins were detected on the blot membrane using the Millipore SNAP i.d.™ 
Protein Detection System and subsequent chemiluminescence. The transferred 
membrane was probed with a primary antibody specific to MPO or !-actin. The bound 
primary antibody was then probed with a secondary antibody and detected by 
chemiluminescence or colorimetric detection. 
 
The iBlot™ Gel Transfer Device was set up as per Figure 3.3 below. Any air bubbles 
were removed from the bottom stack (Anode + buffer gel + blotting membrane) using 
the de-bubbling roller. The pre-run gel was overlaid on top of the bottom stack and air 
bubbles were removed. Filter paper was soaked in dH2O and placed on top of the gel, 
expelling any bubbles present. The top cathode stack (buffer gel + cathode) was then 
placed over the bottom layers. Protein transfer to the membrane was achieved by 
applying 15 V for 7 min using the iBlot™ Dry Blotting System. 
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Figure 3.3. iBlot™ Gel Transfer Device. Adapted from http://www.invitrogen.com. 
 
The transferred membrane was then stained with Ponceau S stain to ensure that uniform 
transfer of proteins to the membrane had been achieved. Briefly, the transferred 
membrane was immersed in 10 mL Ponceau S stain and incubated at room temperature 
for 5 min with constant agitation. Proteins were visualised as red bands. The membrane 
was then washed several times with dH2O until the stain had been washed away.  
 
The transferred membrane was then blocked and probed with specific antibodies using 
the Millipore SNAP i.d.™ System. The inner surface of the blot holder was dampened 
with dH2O. The transferred membrane was soaked in dH2O and placed protein side 
down in the blot holder. Any air bubbles were removed using the de-bubbling roller. The 
spacer layer was then placed on top of the membrane and rolled to ensure contact 
between spacer and membrane. The blot hold was then closed and placed in the SNAP 
i.d. system. The membrane was blocked by passing 15 mL of blocking buffer 
(Appendix) over the membrane under vacuum. The membrane was then removed from 
the blot holder and incubated overnight at 4 ºC in 10 mL of the appropriate primary 
antibody (Table 3.3) with constant agitation. The membrane was inserted into the blot 
holder and system as above and the 10 mL of overnight primary antibody was passed 
through the membrane under vacuum. The membrane was then washed by passing 15 
mL TBS-T (Appendix) through under vacuum three times. The washed membrane was 
then incubated in 10 mL of the appropriate secondary antibody (Table 3.3) for 30 min at 
room temperature followed by washing as above. For MPO detection the probed 
membrane was then incubated in 5 mL of SuperSignal® west pico chemiluminescent 
 108 
substrate (Thermo Fisher Scientific) for 5 min in the dark. The membrane was then 
covered in plastic wrap. Luminescence was detected, and MPO-related protein was 
quantified by densitometry, using Syngene’s GeneGnome HR Bio-imaging system and 
GeneTools respectively. For !-actin detection, the probed membrane was then incubated 
in 5 mL of 5-Bromo-4-chloro-3-indolyl phosphate/Nitro Blue Tetrazolium (BCIP/NBT, 
Sigma-Aldrich) for 5 min in the dark. This colormetric detection for alkaline phoshatase 
results in the production of a visible coloured product. !-Actin was used simply as a 
loading control, so visualization of the coloured product was sufficient and no 
densitometric analysis was required. 
 
3.2.4.5 Peroxidase activity assay 
All medium components, complex buffers and solutions are described in the Appendix. 
Supplemented cell growth medium containing 2 µg/mL hemin was added to 60-70 % 
confluent cells and incubated for 48 h at 37 ºC and 5 % CO2. Cells were collected by 
centrifugation at 200 x g for 6 min and spent medium was removed. Cell pellets were 
resuspended in 10-15 mL 1X PBS and centrifuged at 200 x g for 6 min; supernatant was 
discarded. This step was repeated and pellets were resuspended in the same volume of 
1X PBS. Cells were counted as per Section 3.2.3.2. At least 5 million cells/mL were 
collected by centrifugation at 200 x g for 6 min. Cell pellet was resuspended in 0.01 % 
(v/v) Triton X-100/1X PBS to a density of 1 million cells/18 !L and stored on ice. 
Peroxidase assay was performed in a 37 ºC water bath. Cell sample (18 !L) was added 
to 3.5 mL of TMB buffer mix. H2O2 (0.49 M; 2.1 !L) was added to initiate the reaction; 
the contents were mixed by vortexing. After 3 min, 100 !L of 0.35 mg/mL catalase was 
added and mixed by vortexing to stop the reaction and the mixture was placed on ice. 
Ice-cold 0.2 M acetic acid (3.4 mL) was immediately added. Absorbance was then 
recorded at OD655 on a a Shimadzu UVmini-1240 spectrophotometer. 
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3.2.4.6 Chlorination activity assay 
All medium components, complex buffers and solutions are described in the Appendix. 
Supplemented cell growth medium containing 2 µg/mL hemin was added to 60-70 % 
confluent cells and incubated for 48 h at 37 ºC and 5 % CO2. Cells were collected by 
centrifugation at 200 x g for 6 min and spent medium was removed. Cell pellets were 
resuspended in 10-15 mL 1X PBS and centrifuged at 200 x g for 6 min; supernatant was 
discarded. This step was repeated and pellets were resuspended in the same volume of 
1X PBS. Cells were counted as per Section 3.2.3.2. At least 5 million cells/mL were 
collected by centrifugation at 200 x g for 6 min. The cell pellet was resuspended in 1X 
PBS to a density of 1 million cells/50 !L. The sample was sonicated on ice at 40 % 
amplitude for 30 sec with 6 sec pulses using a Branson Digital Sonifer®. Sonicated 
samples were centrifuged at 16,000 x g for 10 min at 4 ºC. The supernatant was stored 
on ice. The chlorination assay was performed using Invitrogens EnzChek® 
Myeloperoxidase (MPO) Activity Assay Kit. All kit components were brought to room 
temperature prior to commencing the assay. Kit MPO standards (0-200 ng/mL) were 
prepared in 1X PBS. Experimental and standard samples (50 !L each) were added to a 
96-well microplate. Fifty microlitres of 2X 3’-(p-aminophenyl) fluorescin (APF) 
working solution was added to all experimental and standard sample wells. The 
microplate was then incubated in the dark at 37 ºC for 5 min. Fluorescent intensity of 
each sample was recorded at 485 nm excitation and 530 nm emission on a Perkin Elmer 




3.3.1 Impact of mutation of positively selected sites on the strucural integrity of 
MPO in silico 
 
Performing detailed in silico site-directed mutagenesis, Chapter 2 assessed the impact of 
positively selected sites on the hydrogen bonding around the heme group in MPO and, 
hence, on the structural integrity of the enzyme. This chapter focuses on just two 
positions predicted from the previous analyses. These are Tyr 500 and Leu 504. These 
residues are located up- and down-stream of the proximal heme ligand, His 502. The 
target mutant amino acid for these two residues was inferred based on the evolutionary 
relationship of the MHP and not on amino acid properties. Based on this evolutionary 
analysis, Y500 and L504 were mutated to their respective ancestral residues, 
phenylalanine (F) and threonine (T), respectively. The effect of the MPO-specific 
positively selected sites on hydrogen bonding (and, hence the enzyme’s structural 
integrity) was investigated by performing detailed in silico site directed mutagenesis. 
Any resulting changes in a loss/gain of hydrogen bonds, particularly in the heme binding 
pocket of MPO, were noted.  
 
Data from the 3D structure of the enzyme indicate that Y500 lies between the two main 
residues associated with MPO deficiency, R499C and G501S (Figure 3.4a). The 
proximal heme ligand, H502, is connected to R499 via a hydrogen bond, and is directly 
bound to G501 and T503. Y500 shares putative hydrogen bonds with Y462, A497 and 
T503. By mutating position 500 to a phenylalanine, it is predicted that the hydrogen 
bond with Y462 would be lost (see Figure 3.4a). Residue L504 is directly bound to T503 
and shares hydrogen bonds with G501 and K556. Mutating leucine at position 504 to 
threonine (L504T) would likely create an additional hydrogen bond with G501 (see 
Figure 3.4b). Mutating both Y500 and L504 in combination should not change the 
outcome of the above predictions; Y500F would result in the loss of a hydrogen bond 





Figure 3.4. Effect of the Y500F and L504T mutation on hydrogen bonding within 
the myeloperoxidase structure.  (a) Tyr/Phe 500 and (b) Leu/Thr 504 are seen in black, 
the heme ligand His 502 in blue, and hydrogen bonding in grey. An “*” denotes a 
positively selected site identified in Chapter 2 (N496, Y500, L504). 
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Figure 3.5. Effect of the double mutation, Y500F-L504T, on hydrogen bonding 
within the myeloperoxidase structure. Tyr 500-Leu504 and Phe 500-Thr 504 are seen 
in black, the heme ligand His 502 in blue, and hydrogen bonding in grey. An “*” 
denotes a positively selected site identified in Chapter 2 (N496, Y500, L504). 
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Other non-covalent interactions and steric hindrances (not assessed) may be disrupted as 
a consequence of these mutations and, in turn, may further compromise the structural 
integrity of MPO. To test the validity of our predictions as to the impact of these 
mutations on the structure of MPO, biosynthesis and enzymatic activity of mutant 
proteins expressed in a heterologous system was investigated. 
 
3.3.2 In vitro site-directed mutagenesis 
 
Site-directed mutagenesis was performed using pcDNA-MPO as template DNA (Table 
3.5 in Section 3.2.1) with the aim of introducing five independent mutations in the MPO 
coding sequence at sites that are under positive selection (identified in Chapter 2). One is 
in the propeptide region (R80M) and four are in the heme binding pocket of the enzyme 
(N496F, Y500F, L504T, and the double mutant Y500F-L504T). The putative impact on 
hydrogen bond formation of mutating these positively selected sites in the heme binding 
pocket to a more ancestral state was assessed in the previous section and in Chapter 2. 
Sequencing analyses revealed that the N496F mutation was not successful and that the 
template, pcDNA-MPO, contained four missense mutations. At amino acid level these 
were L15S, G55E, V73M and M341T. Restriction analysis and subsequent ligation of 
mutant plasmids and pMPO (Table 3.5 in Section 3.2.1) were utilised to remove these 
unwanted variants in each of our mutant plasmids. The R80M mutation was lost during 
restriction analysis due to its close proximity to three of these missense mutants. 
Mutagenesis to re-introduce this mutation, using pMPO as template DNA, was carried 
out but was not successful. Further analyses of biosynthesis and function were carried 
out on wild type (WT) MPO and our three successful mutants in the heme pocket, 
Y500F, L504T and Y500F-L504T. 
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3.3.3 Assessing the effect of mutating positively selected sites on the biosynthesis 
of MPO  
 
To determine the impact of these mutations on the biosynthesis of MPO, pulse-chase 
analysis using HEK 293 cells transiently and stably expressing WT and mutant MPO 
(Y500F, L504T and Y500F-L504T (Double)) was performed. All cell lines were 
biosynthetically radiolabeled with [35S]-methionine for 1 h and chased for 0 and 20 h 
prior to immunoprecipitation of cell and medium fractions with MPO antiserum. Results 
from stable cell lines mirrored those determined from transient lines. Therefore, the 
following are the findings from the stable cell lines. 
 
Each of the mutant-expressing cell lines synthesized 90-kDa precursor and 75-kDa 
intermediate species of MPO (Hansson, Olsson, Nauseef 2006) after pulse-labeling 
(Figure 3.6). In cells expressing normal MPO, proteolytic processing into mature MPO 
occurred, represented by the appearance of the 59-kDa heavy subunit of mature MPO. In 
contrast to the fate of normal MPO, mutant MPO precursors were not efficiently 
processed into mature enzyme. In Figure 3.6b, variation in the normal MPO fractions at 
0 h is noted, this is due to the short-lived nature of the 75-kDa intermediate (Hansson, 
Olsson, Nauseef 2006). To quantitate the overall fate of MPO precursors in stable 
transfectants during the chase period, the fraction of 90-kDa precursor and 59-kDa 
subunit present at 20 hours and the ratio of 90-kDa precursor to 59-kDa mature heavy 
subunit at the end of the chase period were calculated (Table 3.9). For cells expressing 
normal MPO, this ratio was 0.74 ± 0.17, respectively (n = 7). In contrast, the failure of 
mutant MPO precursors to be processed was best illustrated by the excess 90-kDa 
relative to mature MPO, with 90-kDa:59-kDa for each of three mutants more than two-
fold that of normally processed MPO (Table 3.9). Taken together, these data suggest that 
Y500F and L504T, alone or together, resulted in defective processing of MPO 
precursors into mature subunits. In addition, WT and mutant MPO secreted similar 
levels of the 90 kDa protein. This indicates that normal amounts of the mutant 90 kDa 
species entered the secretory pathway despite a lack of efficient processing of the mutant 
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Figure 3.6. Biosynthesis of wild type (WT) and mutant MPO. HEK cells stably 
expressing wild type (WT) or mutant MPO (Y500F, L504T, Y500F-L504T) were pulse-
labeled with 35S and chased at 0 and 20 h intervals. Cell lysates at 20 h in the cell 
fraction and culture medium were collected and MPO-related protein was 
immunoprecipitated. Immunoprecipitated were analysed by SDS-PAGE and 
autoradiography. The 90 kDa species in both the cell and media fractions consist of both 
the inactive heme-free apoproMPO and enzymatically active proMPO precursors. The 
propeptide region is cleaved, generating the short-lived 75 kDa intermediate which 
undergoes further processing to yield mature MPO (depicted by the 59 kDa species). 
Any 90 kDa species that fails to undergo propeptide cleavage is constitutively secreted 
((a) 20 hr medium fraction). This image was generated using (a) transient cell lines (20 
hr cell and medium fraction) and (b) stable cell lines (0 and 20 hr cell fractions) 
expressing normal and mutant MPO. 
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Table 3.9: Cellular MPO-related protein.  
Cell type 90kDa:59kDa 
Normal 0.74 ± 0.17 (n=7) 
Y500F 2.06 ± 0.36 (n=3) 
L504T 1.65 ± 0.39 (n=4) 
Double 3.22 ± 0.56 (n=3) 
 
Ratio of the densitometric calculations of percentage MPO-related protein in cell 
fractions following pulse-chase analysis at 20 h (Mean ± SEM). 
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MPO (Figure 3.6). Since heme incorporation by apoproMPO to form proMPO is a 
prerequisite for normal proteolytic processing and maturation of MPO, it is reasoned 
here that the defective processing of Y500F and L504T, separately and together, may 
compromise the activity of the mutant protein products. 
 
3.3.4 Effect of mutating positively selected sites on peroxidation and chlorination 
activity 
 
To assess the impact of Y500F and L504T on the function of MPO, both peroxidase and 
chlorination activity of lysates from cells stably expressing mutant MPO were measured. 
Peroxidation is detected using TMB, which is oxidised, yielding a blue coloured cation 
free radical which can be detected spectrophotometrically.  Chlorination is detected 
using the nonfluorescent APF substrate, which is cleaved by hypochlorite to generate 
fluorescin. Enzymatic activities were normalised to the levels of MPO-related proteins 
in each mutant, as judged by immunoblotting and subsequent densitometry (Figure 
3.7a). Beta actin was utilised as a loading control in immunoblotting (Figure 3.7b). It 
was found that the percentage of MPO-related protein in mutant samples, Y500F, L504T 
and Y500F-L504T, relative to WT MPO (100%) were 52.94 ± 1.54, 21.59 ± 1.24 and 
34.08 ± 1.50 % respectively (n = 4). To calculate relative specific activity, the 
percentage peroxidation and chlorination activity with respect to WT MPO was 
normalized to the amount of MPO-related protein in each cell lysate; see Table 3.10. 
 
There was a significant reduction in the peroxidase activity of each mutant relative to 
that of WT MPO (control) (n = 4) (Figure 3.8a and Table 3.10). The relative specific 
activity of Y500F was ~ 72 % that of WT MPO (p = 0.017). There was a significant (p < 
0.0001) drop in activity for the L504T and the double mutant, Y500F-L504T, relative to 
WT MPO, with ~ 1.1 and ~ 21 % relative specific activity, respectively. The 
combination mutant, Y500F-L504T, also undergoes a significant loss in peroxidases 
activity; however, it shows a slight increase in activity over that of the single L504T 
mutant, suggesting a compensatory evolutionary affect. These reductions in activity 
were far greater than the reduction in cell-associated MPO protein for the corresponding 
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Figure 3.7. Immunoblotting of MPO-related protein and !-actin loading control. 
(a) MPO-related protein (90- and 59-kDa protein) immunoblot and (b) !-actin loading 
control immunblot (43-kDa protein). 
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Table 3.10: Relative Specific Activity. 
 
 Activity (%) 
 Peroxidation Chlorination 
MPO 100 100 
Y500F 72.39 ± 5.75* 0.00 ± 0 
L504T 01.11 ± 1.11! 0.00 ± 0 
Y500F-L504T 20.71 ± 2.31" 0.00 ± 0 
 
Percentage peroxidation and chlorination with respect to wild type MPO, normalized to 
amount of MPO-related protein in cell lysate (Mean ± SEM, n = 4). The significance 
values (paired two-tailed t-test) are as follows:  *: p = 1.72 x 10-2, !: p = 3.15 x 10-6, 




Figure 3.8. Myeloperoxidase activity. Percentage (a) peroxidation and (b) chlorination 
activity with respect to wild type MPO, normalized to amount of MPO-related protein in 
cell lysate. * p < 0.02, ** p < 0.0001. 
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mutants, as judged from the biosynthesis analyses. Given that very little of the 59-kDa 
mature MPO was detected in the pulse-chase analyses of the mutants, the activity 
detected here must reflect the contribution of the proMPO precursor. Thus, the low 
levels of specific activity of the mutant 90-kDa mutant products suggest that a large 
fraction of the 90-kDa protein synthesized existed as the heme-free proMPO with 
profoundly defective activity. It appears that these mutations in the heme pocket did not 
completely inhibit the incorporation of heme, as the mutants exhibited peroxidase 
activity, albeit significantly reduced (p < 0.01). However, these mutations
completely ablated the capacity of the enzyme to produce HOCl, where correct 
incorporation of the heme co-factor is essential (Figure 3.8b and Table 3.10). 
 
Overall, these data point to a functional effect for Y500 and L504, identified as being 
under positive selection using in silico methods and evolutionary theory. The analyses 
show that these residues are essential for stable acquisition of heme and subsequent 









Positive Darwinian selection is the process by which beneficial mutations in a 
population are retained and fixed, and is considered synonymous with protein functional 
shift. In general, one of the resultant gene copies that arises following a gene duplication 
event has increased freedom to explore mutational space, while the other copy executes 
the original function of the gene. Mutations that prove beneficial are retained in this new 
copy of the original gene through the process of positive selection, and over time this 
pressure can give rise to new functions, a process known as neofunctionalisation 
(Hughes 1999). Conserved positions and/or those mutations that do not confer a 
functional advantage may be under the influence of purifying/negative selection and/or 
as a result of genetic drift (selectively neutral). Therefore, it follows that functional shift 
or protein diversification and protein specialisation within multigene families is driven 
to a large extent by positive selection (Levasseur et al. 2006a). In chapter 2 of this thesis 
the evolutionary relationship of the medically important MHP family of enzymes has 
been fully resolved. Specific amino acid residues are seen to be responsible for the 
diversification of enzyme function in this family. MPO is unique among members of the 
functionally diverse MHP family of enzymes because of its capacity to oxidize chloride 
at physiologic pH and generate HOCl. This study focused on human MPO and 
investigated the functional effect of mutating Y500 and L504, residues predicted in 
silico to be under positive selection, on the synthesis and function of MPO in vitro. 
 
Human MPO is encoded by a single gene located on the long arm of chromosome 17 
and its biosynthesis, although not fully characterized, has had many of its features 
elucidated. Critical for the proper structure and function is the acquisition of heme by 
apoproMPO in the endoplasmic reticulum, resulting in generation of enzymatically 
active proMPO. The heme group in all members of the MHP family is covalently bound 
to the protein backbone by ester bonds with conserved aspartate and glutamate residues. 
In addition, MPO has a third covalent bond, a sulfonium linkage between the heme and 
M409. Covalent bond formation results from an autooxidation event in the ER and is 
believed to protect the vinyl groups of the heme from oxidation during the enzyme-
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catalysed generation of highly acitve hypohalous acids (Colas, Ortiz de Montellano 
2003; Huang, Wojciechowski, Ortiz de Montellano 2006). Heme acquisition is a 
prerequisite for the proteolytic processing of proMPO into mature MPO, as inhibition of 
heme synthesis causes an arrest of MPO biosynthesis at the apoproMPO stage. The 
clinical relevance of heme acquisition and proper processing of MPO is illustrated by 
several genotypes of inherited MPO deficiency. Patients with inherited deficiency due to 
R499C, G501S and R569W (Nauseef, Cogley, McCormick 1996; Goedken et al. 2007) 
missense mutations in MPO have a maturational arrest in MPO biosynthesis at the 
apoproMPO stage; in the absence of heme incorporation into apoproMPO, neither 
proMPO nor enzymatically active MPO is formed, resulting in peroxidase-deficient 
neutrophils.  
 
The impact of the mutations at R499 and G501, both near the proximal heme ligand at 
H502 in MPO, is especially pertinent to the two residues studied in this chapter. The in 
silico structural analyses have revealed that Y500F (loss of an hydroxyl group) and 
L504T (gain of an hydroxyl group) would have potential implications for the structure of 
the protein by perturbing the hydrogen bonding around the heme binding pocket. 
Although many studies have hypothesized that nucleotide divergence is the driving force 
for neofunctionalization, very few have investigated the link between positive selection 
and functional divergence experimentally. Levasseur et al. (2006) and Yokoyama et al. 
(2008) investigated the role that positive selection plays in functional diversification but 
obtained contrasting results. Levasseur et al. (2006) studied the fungal lipase/feruloyl 
esterase A family for signatures of positive selection. Following in vitro site directed 
mutatgenesis of identified positions, their results clearly demonstrated that certain amino 
acids under positive selection were involved in the functional shift. In contrast, 
Yokoyama et al. (2008) investigated the evolution of phenotypic adaptations of visual 
pigments in vertebrates. They too performed in vitro mutational analyses of sites under 
positive selection. However, their findings revealed no significant influence of positive 
selection on the adaptation of rhodopsin sensitivity. These studies highlight the necessity 
to provide experimental evidence to support/validate computational analyses. 
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To test the hypothesis that positive selection is a driving force in the evolutionary 
diversification of the MHP, the impact of mutations Y500F, L504T and Y500F-L504T 
on MPO have been examined at a molecular and phenotypic level. The pulse-chase and 
functional analyses of stably transfected cell lines expressing mutant forms of MPO 
revealed a profound effect of the mutations on the cellular fate and activity of MPO. 
Although the biosynthesis of a 90-kDa MPO precursor proceeded normally in 
transfectants expressing mutant MPO, subsequent proteolytic processing was impaired 
in all three mutants. Failure to generate mature enzyme from precursor was most 
profound in the double mutant, where the 90-kDa: 59-kDa ratio, an indication of 
efficient proteolytic processing, was > 4-fold greater in Y500F-L504T in comparison to 
that seen in normal MPO. Given that formation of proMPO is a prerequisite for 
generation of mature MPO and that heme acquisition by apoproMPO results in proMPO, 
it was reasoned that mutations at Y500 and L504 compromised stable heme binding by 
mutant apoproMPO. In fact, cell lysates from transfectants expressing mutant MPO 
exhibited depressed peroxidase activity. It is noteworthy that L504T impaired 
peroxidase activity much more dramatically than did Y500F, whereas there was 
relatively more 90-kDa MPO-related protein at 20 hours in L504T- than in Y500F-
expressing cells. If L504T resulted in a more stable 90-kDa apoproMPO, the amount of 
active MPO-related protein in cell lysates would be less and, consequently, the 
calculated relative specific activity of L504T lower. None of the mutants supported 
chlorination, consistent with significant disruption of the integrity of the heme pocket by 
the mutations.   
 
Taken together, these data support the concept that Y500 and L504, positively selected 
sites within the MPO protein, are involved in the observed protein functional shift. The 
impact of the present mutations on the peroxidation and chlorination activity of MPO 
revealed the biological significance of the in silico predictions, as the unique property of 
MPO to produce the potent oxidant HOCl was eliminated following mutation of 
positively selected residues. This loss of function suggests that these residues have been 
positively selected in the MPO lineage, as they accommodated the beneficial new 
function of chlorination activity and the production of HOCl. Like the molecular 
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phenotypes of R499 and G501, mutations identified in inherited MPO deficiency and 
predicted to disrupt the environs of the proximal heme pocket of MPO, the mutants in 
this study resulted in aberrant processing of MPO precursors and loss of functional 
mature enzyme. Further studies on the biosynthesis of mutant MPO versus normal MPO 
could be performed with the aim of pinpointing at what stage maturational arrest occurs 
in the biosynthesis of mutant MPO, by co-immunoprecipitation of MPO associated with 
the molecular chaperones involved in heme acquisition, CRT and CLN (DeLeo et al. 
1998; Goedken et al. 2007). Heme acquisition may be further assessed by radiolabeling 
with !-[14C]aminolevulinic acid, which is a precursor in heme synthesis (DeLeo et al. 
1998; Goedken et al. 2007). Determining the Soret band of each mutant may indicate if 
the integrity of the heme pocket is disrupted upon mutation (Goedken et al. 2007). 
 
The results of this chapter have shown that positive selection signifies a functional shift 
in the MHP multigene family of enzymes, illustrating how evolutionary predictions can 
successfully identify residues essential for unique protein functions. Use of evolutionary 
biology as a predictive tool for targeted mutagenesis has a major role to play in the 
future elucidation of protein biology and evolutionary medicine. 
 
In this chapter the site directed mutagenesis was guided by the phylogenetic tree, i.e. the 
mutations generated were to the ancestral state. It is possible, therefore, not only to do 
site directed mutagenesis, but, entire ancestral gene genesis, thereby, generating an 
ancient protein. The generation of an ancient protein and its characterisation is the focus 




Resurrection and preliminary biochemical characterisation of an ancient plant 




The evolution of the animal heme peroxidase has been the focal point of the previous 
two chapters. This chapter shifts focus to the other major heme peroxidase superfamily, 
the plant heme peroxidases, that have arisen independently but which also have heme 
dependency and peroxidase activity. Like their animal counterparts, plant heme 
peroxidases are also oxidoreductases. Plant peroxidases are involved in wound healing, 
lignification and play a role in regulation of germination (Azevedo et al. 2003; dos 
Santos et al. 2004). Horseradish peroxidase (HRP) and soyabean peroxidase (SBP) are 
used extensively in the biopharmaceutical and biotechnology sectors. Both have major 
applications in biosensor and immunoassay technologies. These peroxidases also have 
important features in organic chemistry, bioremediation and therapeutics (Ryan, 
Carolan, O'Fagain 2006). Their operational potential/efficiency in these sectors is 
limited by the thermal and oxidative (hydrogen peroxide (H2O2) tolerance) stabilities of 
the enzymes. 
 
HRP A2, HRP C and SBP are all members of Class III secretory plant peroxidases. The 
evolutionary relationship of the Class III subgroup of plant peroxidases has been fully 
resolved (Duroux, Welinder 2003). Although these plant peroxidases are closely related, 
their enzymatic stabilites are considerably different. Previous studies have shown that 
SBP is more thermostable than HRP A2 and HRP C , with HRP A2 being the least 
thermally stable of the three (McEldoon, Dordick 1996; Kamal, Behere 2003). These 
three Class III peroxidases also exhibit varying stability towards their primary substrate, 
H2O2, and an apparent inverse pattern between this substrate tolerance and thermal 
stability. In contrast SBP displays an increased thermal stability, and very poor tolerance 
to H2O2 (McEldoon, Dordick 1996; Henriksen et al. 2001).   
 
The relationships between the extant plant peroxidases of interest are shown in Figure 
4.1a. Their thermal stabilities and H2O2 tolerances are given beside their names. From 
Figure 4.1a, it is clear that the ancestral sequence (ancestral reconstruction) on the tree is 




Figure 4.1. Ancestral plant heme peroxidase location on phylogenetic tree, amino 
acid sequence and 3-D structure from homology modeling. (a) The location of the 
resurrected ancestral plant peroxidase (ancestral reconstruction) on the reduced 
phylogeny of Class III plant peroxidases, adapted from Ryan, O’Connell and Ó Fágáin 
2008 and Duroux and Welinder 2003. Stabilities at the labels of interest are in the 
denoted in the following order thermal/oxidative, where VG: very good, G: good, M: 
moderate, P: poor. (b) 3-D structure of extant HRP C PDB code 1W4Y (top) and 
homology modeled 3-D structure of the resurrected archetypal plant peroxidase (GP) 
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based on chain A of Arabidopsis thaliana A2, PDB code 1pa2 (bottom). The ancient 
enzyme contains more unstructured loops than its extant counterpart. Only 40 % 
sequence similarity existed between the archetypal protein sequence and the selected 
best-fit template sequence during homology modeling. Therefore, the first 100 amino 
acids of the GP are not modeled. (c) Alignment of extant HRP C (PDB code 1W4Y) and 
reconstructed ancestral plant heme peroxidase (GP). Helices are highlighted and labeled 
based on literature (Gajhede et al. 1997; Ryan, O'Connell, O'Fagain 2008). 
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it may hold a desirable mixture/complement of these characteristics of interest. 
Recreating ancient proteins (paleomolecular biochemistry) can provide information on 
the functional diversity of multigene families and even resurrect favourable biochemical 
properties that may have been lost over time (Chang 2003; Thornton et al. 2003). 
 
In a previous study within the group (Ryan, O'Connell, O'Fagain 2008), a reduced 
phylogeny of the Class III plant peroxidases was generated and using this representative 
phylogeny, ML approach was implemented to reconstruct all ancestral nodes on the 
phylogeny, including the most recent common ancestor (MRCA) of HRP A2, HRP C 
and SBP: see Figure 4.1a for location (ancestral reconstruction) on the reduced 
phylogeny. Resurrecting this ancient plant peroxidase will allow for the direct study of 
the molecular evolution of these extant peroxidases 
 
This ancestral sequence existed in the ancestor of HRP A2, HRP C and SBP. From the 
botany literature it is known that all species sharing this common ancestor diverged from 
the core eudicots into rosids (108-109 million years old (MYO)) and 
asterids/caryphyllales (105 ± 1 MYO). These records suggest that this ancient sequence 
is approximately 113 MYO (± 1 MY), placing it in the Cretaceous period of the 
Mesozoic era (Orndorff et al. 2009).  
 
This chapter describes (i) the successful expression of an active 113 million year old 
plant heme peroxidase de novo, and (ii) the assessment of its thermal and oxidative 
stabilities. With respect to its extant counterparts, this ancient protein exhibits a 
moderate thermal stability with an increased tolerance to H2O2, which may be 
favourable in many industrial applications. Further biochemical characterisations will 
provide greater insights into the evolution of these plant peroxidases and highlight the 
operational potential in the biopharmaceutical and biotechnology sectors of this 




4.2.1 Biological Materials 
The following tables detail the biological materials used in this study: 
 
Table 4.1: Bacterial strains used in this study. 
 
Bacterial Strain Genotype Source 
E. coli XL10-Gold Tetr D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte 
F'[proAB lacI qZDM15 Tn10 (Tetr) Amy Camr] 
Stratagene 
E. coli XL1-Blue recA1, endA1, gyrA96, thi-1, hsdR17(rK-,mK+), 
supE44, relA1, !-, lac-, [F' proAB, lacIqZ! M15, 
Tn10(Tetr)].  
Stratagene 
E. coli JM109 endA1 glnV44 thi-1 relA1 gyrA96 recA1 mcrB+ 





Table 4.2: Plasmids used in this study. 
 
Plasmid Description Source 
pGSLink High-level expression vector for expression of N- or C-
terminal 6xHis-tagged fusion proteins linked to protein of 
interest via a flexible peptide linker. 
Loughran et al. 
2006 
pBR_I pQE_pelB_HRP_His vector with wildtype HRP gene 
present.  
Dr. Barry Ryan 
pGA GENEART transport vector harbouring the archetypal gene 
sequence (GP) 
This study 
pGS-pelB pGSLink with pelB leader sequence inserted via Nco I-Not 
I-BamH I cloning. 
This study 
pGP pGS-pelB with GP inserted via Not I-Bgl II cloning This study 
pUC18 Transformation control vector Stratagene 
 
Table 4.3: Oligonucleotides used in this study. 
 
Target Primer Sequence 
pelB For 5'-CATGCCATGGGCATGAAATACCTGCTGCCG-3' 
pelB Rev 5'-CGGGATCCGCGGCCGCGGCCATCGCCGGCTGGG-3' 
GP For 5'-AAGGAAAAAAGCGGCCGCCATGAAAAACCTGTTTAA-3' 
GP Rev 5'-GGAAGATCTCATACCTGCCAGCAGTTC-3' 
pQE For* 5'-GTATCACGAGGCCCTTTCGTCT-3' 




4.2.2 DNA Manipulation  
Methodology for plasmid preparation, restriction digestion of DNA, ligation of DNA, 
agarose gel electrophoresis and DNA quantification and sequencing can be found in 
Section 3.2.2. All medium components, supplements and complex buffers are given in 
the Appendix. 
 
4.2.2.1 PCR product clean-up 
Amplified PCR products were cleaned for further analysis using Bioline’s DNAce 
Quick-Clean as per manufacturer’s protocol. Briefly, an equal volume (2 volumes for 
pelB amplified DNA) of DNAce Quick-Clean was added to amplified GP sample and 
mixed by pipetting. The solution was incubated at room temperature for 5 min (8 min 
for pelB sample). Samples were centrifuged for 10 min at 10,000 x g; supernatant was 
discarded. Pellets were washed in 50 µL of 70 % (v/v) ethanol and dried under heat-
vacuum for 5 min. Pellets were resuspended in 50 µL sterile H2O (sH2O) and used either 
immediately or stored at 4 ºC. 
 
4.2.2.2 Dephosphorylation of linearised plasmid DNA 
To prevent plasmid recircularisation or plasmid-plasmid ligation, treatment with calf 
intestinal phosphatase (CIP) (0.5 U/µg) (New England Biosciences) is required whereby 
the 5' phosphates on the linearised plasmid are removed. Digested plasmid DNA (<100 
ng/µL) was treated in a total reaction volume of 100 µL; linearised plasmid: 30 µL, CIP: 
5 µL, CIP buffer: 7 µL, sH2O: 58 µL, and incubated at 37 ºC for 1 h followed by heating 
to 75 ºC for 10 min to denature the enzyme. CIP-treated DNA was stored at 4 ºC/-20 ºC 
until required. 
 
4.2.2.3 Gel DNA fragment extraction 
DNA fragments were extracted from agarose gel using the HiYield™ Gel/PCR DNA 
Extraction Kit as per manufacturer’s protocol. Briefly, DNA fragments were visualised 
under UV light and a gel slice containing DNA was excised (~300 mg) and transferred 
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to a microcentrifuge tube. DF buffer (500 µL) was added and the sample was mixed by 
vortexing and incubated at 55 ºC for 15 min, inverting the tube every 3 min, to dissolve 
the gel slice. The sample was then placed into the DF column collection tube and 
centrifuged for 30 sec at 10,000 x g; flow-through was discarded. The DF column was 
washed with 500 µL Wash Buffer by centrifugation as before; flow-through was 
discarded. The DNA-bound column was dried by centrifugation for at 10,000 x g for 2 
min. The dried DNA-bound column was transferred to a fresh microcentrifuge tube and 
Elution Buffer (30 µL) was applied to the centre of the column matrix and allowed to 
stand for 2 min before elution of DNA by centrifugation (10,000 x g: 2 min). Purified 
DNA was stored at 4 ºC/-20 ºC until required. 
 
4.2.2.4 Preparation of competent cells 
A glycerol stock was streaked on Luria-Bertani (LB) agar and incubated overnight at 37 
ºC. A single colony was used to inoculate 10 mL of LB medium which was then 
incubated overnight at 37 ºC and 220 rpm (TS NETwise Gallenkamp ORBI-SAFE 
incubator). Overnight culture (1 mL) was added to 100 mL of pre-warmed LB medium 
in a 500 ml flask and the flask was then incubated at 37 ºC and 220 rpm (TS NETwise 
Gallenkamp ORBI-SAFE incubator) until an OD600 0.5-0.6 was reached. The culture 
was centrifuged at 4,500 x g for 5 min at 4ºC. The cell pellet was gently resuspended in 
30 mL of ice cold TFB1 buffer and incubated on ice for 10 min. The solution was then 
centrifuged as before and the cell pellet was gently resuspended in 4 ml of ice cold 
TFB2 buffer and incubated on ice for 15-60 min. The cell suspension was aliquoted into 
appropriate volumes, flash frozen and stored at -80ºC. 
 
4.2.2.5 Transformation 
A microfuge tube of competent cells was allowed to thaw on ice and the cells were 
transformed by heat shock. Plasmid DNA (2 µL; < 100 ng/µL) was added to 200 !L of 
the competent cells. The transformation reaction was mixed gently and then incubated 
on ice for 30 min. The cells were then heat shocked for 45 sec at 42 ºC and then placed 
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on ice for a further 2 min. Super optimal broth with catabolite repression (SOC) medium 
(0.8 mL) was added, this was followed by incubation at 37 ºC for 45 min with shaking at 
150 rpm (TS NETwise Gallenkamp ORBI-SAFE incubator). This resulting 
transformation mixture (100 µL) was plated on appropriate selective LB agar and 
incubated at 37 ºC overnight. Resultant experimental colonies were used to prepare 
broth cultures for further analysis. 
 
4.2.2.6 Determination of competent cell efficiency 
Competent cell efficiency was defined as the number of colony forming units per µg of 
transformed plasmid DNA. A stock of pUC18 plasmid (25 ng/µL) (Table 4.2) was 
diluted to 250 pg/µL, 25 pg/µL and 2.5 pg/µL. An aliquot (2 µL) of each dilution was 
transformed independently (Section 4.2.2.5) and the transformation efficiency was 
determined from the number of colonies formed. 
 
4.2.2.7 Two-step cloning 
A two-step cloning strategy was utilised to generate an expression plasmid bearing the 
pelB leader sequence and the archetypal gene sequence (GP). Primers were designed for 
independent amplification of the pelB leader sequence from the pBR_I vector (Nco I and 
Not I-BamH I restriction sites incorporated) and the GP sequence from the GENEART 
transport vector (pGA; Not I and Bgl II restriction sites incorporated); see Tables 4.2 and 
4.3 for descriptions of plasmids and primers respectively. 
 
The following PCR reaction mix and programme was utilised for DNA amplification: 
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Table 4.4: PCR reaction mix.  
Component Volume 
sH2O 38.5 !l 
10X Red Taq reaction buffer 5 !l 
Template DNA (< 500 ng) 1 !l 
Forward primer (100 pmole) 1 !l 
Reverse primer (100 pmole) 1 !l 
dNTP mix (10 mM) 1 !l 




Table 4.5: PCR programme. 
Segment Cycles Temperature Time 
1 (Denaturation) 1 95 ºC 2 min 30 sec 
95 ºC 50 sec 




72 ºC 1 min/kb 
3 (Elongation) 1 72 ºC 5 min 
 
where Tanneal = [2x (A/T content) + (4x (G/C content)] – 5 °C 
 
 
All PCR reactions were performed in a Thermo Electron Corporation PX2 Thermal 
Cycler. Amplified PCR products (pelB and GP) were cleaned using the commercial 
DNAce Quick Clean® (Bioline) method (Section 4.2.2.1). The cleaned PCR products 
were then digested with the appropriate restriction enzymes. 
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The pGSLink vector (Table 4.2) was digested with Nco I and BamH I restriction 
enzymes and, to prevent plasmid recircularisation or plasmid-plasmid ligation. The 
digested vector was treated with CIP to remove 5' phosphates (Section 4.2.2.2). 
 
The restricted pelB PCR product and CIP treated vector digest were purified from 
agarose gels using the HiYield™ Gel/PCR DNA Extraction (Section 4.2.2.3). The gel 
purified restricted insert and vector were ligated overnight (Section 3.2.2.3). 
 
The overnight ligation was transformed into E. coli XL10Gold and the resultant plasmid 
(pGS-pelB) was prepared (Sections 4.2.2.5 and 3.2.2.1 respectively). The pGS-pelB 
vector was then digested with Not I and Bgl II restriction enzymes and CIP treated to 
prevent plasmid recircularisation. The restricted GP PCR product and CIP treated vector 
digest were purified from agarose gel, ligated, transformed and the plasmid DNA (pGP) 
was purified as above and sequenced by Eurofins/MWG-Biotech, London (Section 
3.2.2.7). 
 
4.2.3 In Silico Protein Analysis 
 
4.2.3.1 Homology modelling 
Homology modeling of the archetypal plant peroxidase was performed as described in 
section 2.2.3.3. The optimum template selected for modeling was chain A of 
Arabidopsis thaliana A2, PDB code 1pa2. Caution noted: 40 % sequence similarity 
between the archetypal protein sequence and selected best-fit template sequence. 
 
4.2.4 In Vitro Protein Analysis 
 
4.2.4.1 Protein expression 
An LB plate with the appropriate antibiotic was streaked with a stock of the strain 
containing the expression plasmid of interest. A single colony was selected to inoculate 
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10 mL of LB broth containing the appropriate antibiotic, and grown overnight at 37 °C 
and 220 rpm (TS NETwise Gallenkamp ORBI-SAFE incubator). A 250 mL conical 
flask comprising 100 mL of LB broth containing the appropriate antibiotic, 2 % w/v 
glucose and 2 mM CaCl2 was inoculated with 1 mL of the overnight culture. The culture 
was incubated at 37 °C and 220 rpm (TS NETwise Gallenkamp ORBI-SAFE incubator) 
until an OD600nm ! 0.6 was reached. The culture was centrifuged at 10,000 x g for 10 
min at 4 °C. The supernatant was discarded and pellet was resuspended in the same 
volume of LB broth containing the appropriate antibiotic and 2 mM CaCl2. Isopropyl !-
D-1-thiogalactopyranoside (IPTG) was then added to a concentration of 50 µM to 
induce expression; a culture containing no IPTG was also expressed. The culture 
temperature was then reduced to 30 °C and it was incubated for a further 6 h. Cells were 
harvested by centrifugation at 4,700 x g for 5 min. The supernatant was stored at 4 °C 
until peroxidase activity analysis (Section 4.2.4.9) and cell pellet was stored at -20 °C 
until lysis.  
 
4.2.4.2 Cell lysate preparation 
Cell pellets from Section 4.2.4.1 were resuspended in 10 mL 50 mM sodium phosphate 
pH 7.5. The sample was sonicated on ice at 40 % amplitude for 90 sec with 6 sec pulses 
using a Branson Digital Sonifer®. Sonicated samples were centrifuged at 10,000 x g for 
10 min at 4 ºC. The cleared lysate was filtered through a 0.45 µm sterile filter and stored 
at 4 °C until required for further analysis. 
 
4.2.4.3 Optimisation of recombinant protein expression 
Recombinant protein expression was performed as per Section 4.2.4.1, however, upon 
glucose depletion, cultures were induced with varying concentrations of IPTG (final 
concentrations: 0, 0.1, 0.5 and 1 mM). Cultures were incubated at 37 °C or 30 °C and 
220 rpm (TS NETwise Gallenkamp ORBI-SAFE incubator). Samples were collected at 
0, 2, 4 and 18 h time points. Cells were harvested by centrifugation at 4,700 x g for 5 
min and the cell pellet was stored at -20 °C until lysis.  
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4.2.4.4 Optimum recombinant plant peroxidase expression 
Protein expression was performed as per Section 4.2.4.1, however, upon glucose 
repletion, cultures were incubated at 30 °C and 220 rpm (TS NETwise Gallenkamp 
ORBI-SAFE incubator) for 18 h. Cells were harvested by centrifugation at 4,700 x g for 
5 min and the cell pellet was stored at -20 °C until lysis. 
 
4.2.4.5 Recombinant plant peroxidase purification by immobilized metal affinity 
chromatography (IMAC) using Ni-NTA resin 
Ni-NTA resin was washed three times with 10 mL 50 mM sodium phosphate buffer 
pH7.5 to remove any traces of ethanol and to equilibrate the resin. Briefly, the wash step 
involved applying 10 mL of buffer to the resin in a sterile universal. The contents were 
swirled gently to mix and centrifuged at 3,000 x g for 10 min. The aqueous layer was 
removed without disturbing the resin. This was repeated three times. Clarified lysate (10 
mL) was applied to the equilibrated resin and allowed to mix by tumbling at 4 °C for at 
least 1 h to allow binding to occur. The mixture was then poured into 1.5 x 20 cm 
column allowing the resin to settle. The flow through (FT) fraction was collected. The 
bound resin was then washed with 50 mM sodium phosphate pH 7.5 up to five times; 
wash fraction (W). The bound protein was then eluted with 50 mM sodium acetate pH 
4.5 up to three times; elution fraction (E). Eluted fractions were dialysed overnight at 4 
°C in 5 L of 50 mM sodium phosphate pH 7.5. All samples were subjected to SDS-
PAGE. Purified eluted fractions were concentrated using Amicon Centricon® 
concentrations (Millipore) and filter sterilised and stored at 4 °C for further biochemical 
analysis. 
 
4.2.4.6 Preparation of samples for SDS-PAGE analysis 
An equal volume of 2X SDS loading buffer was added to the clarified lysate and post-
purification samples. The mixture was boiled for 5 min and the cell debris was pelleted 
by centrifugation at 10,000 x g for 10 min and discarded. The samples were then 
subjected to SDS-PAGE as per Section 3.2.4.3 or stored at -20 ºC. 
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4.2.4.7 Coomassie Blue staining 
The gel was placed in Coomassie stain for 30 minutes with gentle agitation. The gel was 
then placed in destain with constant agitation, and destain was changed 4 or 5 times at 1 
h intervals until all background staining was removed from the gel. An image of the gel 
was then captured. 
 
4.2.4.8 Protein quantification by bicinchoninic acid (BCA) assay 
The bicinchoninic acid (BCA) described by Smith et al. (1985) was utilised to quantify 
total protein. A standard curve was created using bovine serum albumin (BSA) as the 
reference protein (0-1,000 µg/mL BSA concentrations). All experimental and standard 
samples (25 µL each) were added to 200 µL BCA Working Reagent (Sigma-Aldrich) 
and incubated in the dark at 37 °C for 30 min. Absorbance was read at 562 nm. A 
standard curve was created using BSA standards as the reference protein. Protein 
concentration of the unknown was determined from this standard curve. 
 
4.2.4.9 Reinheitzahl number of recombinant archetypal plant peroxidase 
The absorbance of purified recombinant archetypal plant peroxidase was recorded at 403 




RZ = A403nm A280nm Eq. 4  
 
 
4.2.4.10 Peroxidase activity assay (TMB assay) 
3,3',5,5'-Tetramethylbenzidine dihydrochloride (TMB) (Sigma-Aldrich) was used as a 
reducing substrate to determine peroxidase activity of recombinant archetypal plant 
peroxidase (Ryan et al. 1994). TMB (1 mg) was dissolved in 200 µL of 
dimethylsulphoxide (DMSO) (Sigma-Aldrich). The mixture was then added to 9.8 mL 
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of 100 mM citric acid, pH5.5, and mixed thoroughly. 50!l of enzyme preparation (50 
mM Sodium Phosphate, pH 7.5, as diluent) was added to a microtitre plate. Prior to 
commencement of the TMB assay, 4 !L of H2O2 (30% v/v) was added to the 
TMB/DMSO/citric acid mixture and mixed thoroughly. This mixture (150 µL) was 
immediately added to the 50!l enzyme preparations and incubated at room temperature. 
The absorbance at 620 nm was recorded after 7 min.  
 
4.2.4.11 Preparation of extant commercial plant peroxidases 
Commercial HRP A2 and HRP C were obtained from Biozyme and Sigma-Aldrich 
respectively. SBP was obtained from Quest International. Samples were prepared by 
dissolving in 50 mM sodium phosphate pH7.5 to a final concentration of 1 mg/mL. The 
crude SBP preparation was mixed for 20 min at room temperature and debris was 
pelleted by centrifugation at 4,000 x g for 15 min. Supernatant samples were further 
analysed. 
 
4.2.4.12 Oxidative stability 
The oxidative stability (H2O2 tolerance) of recombinant archetypal and extant 
commercial plant peroxidases was determined. In brief, enzyme preparations were 
exposed to varying concentrations of H2O2 (0, 5, 10, 15, 20, 40, 60 and 80 mM) for 30 
min at 25 °C. H2O2 concentrations were determined spectrophotometrically at 240 nm 
using a molar extinction coefficient of 43.6 M-1cm-1 (Hernández-Ruiz et al. 2001). The 
residual activity of each sample was determined, where 0 mM H2O2 represented 100 % 
activity. 
  
4.2.4.13 Thermal profile  
A thermal profile of recombinant archetypal and extant commercial plant peroxidases 
was determined. Briefly, enzyme preparations were exposed to varying temperatures for 
10 min (20, 30, 40, 50, 55, 60, 65, 70, 75 and 80 °C). The peroxidase activity of each 
sample was assessed as per Section 4.2.4.9. The residual activity of each sample was 
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determined, where activity at 20 °C represented 100 % activity. The temperature, at with 
50 % of residual activity (T50) was observed, was noted. 
 
4.2.4.14 Thermal inactivation 
For each enzyme preparation, thermal inactivation was performed at their respective T50, 
as determined in Section 4.2.4.12. Samples were collected at 0, 1, 2, 4, 6, 8 and 10 min 
and their peroxidase activity was assessed at each of these time points as per Section 
4.2.4.9. The residual activity of each sample was determined, where activity at 0 min 
represented 100 % activity. The half-life (t1/2) was calculated using: 
 
! 
t1/ 2 = ln2 k Eq. 5  
 
where k is the rate constant. k was calculated using the Enzfitter programme (Biosoft, 
Cambridge, UK) by fitting the data to a single (first order) exponential decay model. 
 
4.2.4.15 Recombinant archetypal plant peroxidase kinetics (ABTS assay) 
2,2'-azino-bis(3-ethyl-benzthiazoline-6-sulphonic acid) (ABTS) was used as a reducing 
substrate to determine recombinant archetypal plant peroxidase kinetics. A 5 mM ABTS 
stock solution was prepared in ABTS buffer. From this stock, a range of ABTS 
standards were prepared (0 – 1 mM) in ABTS buffer. A 100 mM H2O2 stock solution 
was also prepared. In a microtitre plate, 2.5 µL 100 mM H2O2 and 222.5 µL of desired 
substrate concentrated were aliquoted. To initiate the reaction, 25 µL of enzyme 
preparation was added to each H2O2/ABTS mixture. The absorbance at 405 nm was 
recorded at 1 min intervals for a total time of 20 min. The change in absorbance per min 




4.3.1 Ancestral gene synthesis and cloning 
 
The MRCA of HRP A2, HRP C and SBP was inferred using in silico predictions and the 
phylogenetic tree of representatives of the plant peroxidases (Ryan, O'Connell, O'Fagain 
2008). This ancestral sequence, referred to hereafter as the ancestral plant peroxidase 
(GP), was commercially synthesised by GENEART AG, Germany, see Figure 4.1. 
Optimised gene expression in prokaryotes was aided by codon choice/use.  
 
The synthesised ancestral gene was delivered in a GENEART transport vector, pGA.  A 
two step cloning strategy was employed to insert a pelB leader sequence and the GP 
gene sequence in frame in the expression vector, pGSLink; see Figure 4.2a for 
schematic.  
 
Primers were designed for independent amplification of the pelB leader sequence from 
the pBR1 vector and the GP gene sequence from the pGA transport vector; see Tables 
4.2 and 4.3 for plasmid descriptions and primer sequences respectively. Step 1: The pelB 
leader sequence was insesrted into the pGSLink expression vector via Nco I-Not I-BamH 
I cloning (pGS-pelB). Step 2: The GP gene sequence was then inserted into the resultant 
vector via Not I-Bgl II cloning (pGP). The resulting pGP plasmid had a C-terminal 
6xHis tag downstream of the GP gene sequence for purification by metal affinity 
chromatography. The correct insertion of pelB-GP sequence in the modified pGSLink 
(pGP) was verified by sequencing (Eurofins/MWG Biotech, London) (Figure 4.2b), 
allowing for the optimisation of expression and purification of this ancestral plant 




Figure 4.2.  Two step cloning. (a) Schematic representation of two step cloning strategy 
and (b) resultant sequence of pelB-GP insert. In red is the pelB leader sequence, green 
the ancestral plant peroxidase gene sequence (GP), blue the C-terminal 6xHis tag and 
restriction sites in black.  
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4.3.2 Expression and Purification of recombinant ancestral plant peroxidase 
 
The theoretical molecular weight of this novel ancestral plant peroxidase was computed 
using the online Expasy Compute pI/MW Tool 
(http://www.expasy.ch/tools/pi_tool.html). The estimated value was approx. 54 kDa.  
 
4.3.2.1 Selection of an E. coli expression strain for recombinant ancestral plant 
peroxidase 
 
The pGP plasmid was transformed into three E. coli strains to ascertain the optimum 
host strain for expression of this novel enzyme; see Table 4.1. As a negative control, the 
three strains were also transformed with the pGSLink vector. Standard culturing 
conditions are described in Section 4.2.4.1. Cultures were either induced with IPTG (to a 
final concentration of 50 µM) or were not induced. Level of expression was determined 
based on the peroxidase activity (TMB absorbance) of the cell and supernatant fractions 
(Section 4.2.4.1); see Figure 4.3. No peroxidase activity was detected in the supernatant 
fractions. E. coli XL10Gold  was found to be the optimum expression strain. 
 
4.3.2.2 Optimistion of expression conditions for recombinant ancestral plant 
peroxidase 
 
Culturing conditions for optimal expression of the GP in E. coli XL10Gold were then 
investigated. Temperature, incubation period and inducer concentration for expression of 
the ancestral plant peroxidse were assessed and determined. Previous studies on the 
expression of recombinant peroxidases revealed that repression of the production of the 
peroxidase was achieved by incubating the culture in the presence of 0.2 % (w/v) 
glucose until early exponential growth phase (OD600 nm ! 0.5) was reached. This allowed 
for a burst in the production of the enzyme. This approach was applied here. Upon 
depletion, cultures were induced with varying concentrations of IPTG (0, 0.1, 0.5 and 1 





Figure 4.3. Optimal E. coli expression strain. E. coli strains expressing recombinant 
ancestral plant peroxidase were either induced with 50 µM IPTG or non-induced. 
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and 18 h time points. The amount of protein expressed in the soluble fraction of each 
sample was examined by SDS-PAGE (Section 3.2.4.3); see Figure 4.4. Expression of the 
ancestral plant peroxidase was not induced by IPTG. The optimal incubation 
temperature for expression was 30 °C with an incubation time of 18 h. 
 
4.3.2.3 Purification of recombinant ancestral plant peroxidase by immobilised 
metal affinity chromatography (IMAC) 
 
The recombinant ancestral peroxidase was expressed under optimum conditions (Section 
4.2.4.4). Cell lysates were prepared as per Section 4.2.4.2 and subjected to Ni-NTA 
purification (Section 4.2.4.5). All fractions were analysed by SDS-PAGE (Figure 4.5). 
Two bands were evident in the elution fraction, one at the expected theoretical molecular 
weight for the GP, approx. 54 kDa, and one at approx. 100 kDa. This suggested the 
formation of a dimer; see Figure 4.5a. As such, the level of reducing agent (!-
mercaptoethanol (!-ME)) in the SDS loading buffer (Appendix) was increased from 10 
% (v/v) to 15 % (v/v) with the aim of denaturing the dimeric 100 kDa protein into its 
monomeric form. A single band at approx. 54 kD can be seen in Figure 4.5b. Purified 
fractions were pooled and concentrated for preliminary biochemical characterisation. 
  
4.3.3 Characterisation of purified recombinant ancestral plant peroxidase 
 
Protein concentration of the purified GP was determined by the standard BCA assay 
(Section 4.2.4.8). Optimised expression in E. coli XL10Gold yielded approx. 1.4 mg/L 
recombinant ancestral plant peroxidase. The Reinheitzahl (RZ) value (peroxidase purity 
number) was estimated at 0.4 (Section 4.2.4.9). Thermal and H2O2 tolerance of the GP 
compared to commercial HRP A2, HRP C and SBP were carried out, with a constant 








Figure 4.4. Recombinant ancestral plant peroxidase expression. SDS-PAGE analysis 
of the expression of the recombinant ancestral plant peroxidase (GP). (a) 37 °C; sample 
time points of 0, 2, 4 and 18 h are shown. Lane M: molecular weight standard, IPTG 
concentrations are shown in lanes A-J; A: 0 mM, B: 1 mM, C: 0 mM, D: 1 mM, E: 0 
mM, F: 1 mM, G: 0.1 mM, H: 0 mM, I: 0.5 mM and J: 1 mM. (b) 30 °C; Sample time 
points of 2, 4 and 18 h are shown. Lane M: molecular weight standard, IPTG 
concentrations are shown in lanes A-H; A: 0 mM, B: 0.5 mM, C: 1 mM, D: 0 mM, E: 
0.5 mM, F: 1 mM, G: 0 mM and H: 0.5 mM. Molecular weights of standards are shown 
in kDa. See additional Figure 2. (Appendix) for remaining sample time points and IPTG 














Figure 4.5. Purification of recombinant ancestral plant peroxidase. (a) Ni-NTA 
purification with 10 % (v/v)!-ME. Putative dimer (~100 kDa) and monomer (~ 54 kDa) 
present in elution fractions (E1-E2). (b) Ni-NTA purification with 15 % (v/v) !-ME. 
Monomer (~54 kDa) present in elution fractions (E1-E3).  Lane M: molecular weight 
standards in kDa, CL: cell lysate, FT: flow through, W: wash fraction, E: elution 
fraction. 
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4.3.3.1 H2O2 stability of recombinant ancestral plant peroxidase 
 
Although H2O2 is essential for peroxidation activity, in excess it can have a toxic effect. 
The H2O2 tolerance profile of each enzyme was determined as per Section 4.2.4.13. The 
recombinant ancestral plant peroxidase exhibits an increased stability to H2O2 with 
respect to its extant counterparts; see Figure 4.6. The C50 (H2O2 concentration at which 
50 % residual enzyme activity is observed) of the GP, HRP A2, HRP C and SBP were 
approx. 40, 24, 17 and 7 mM respectively. An aliquot of H2O2-enzyme sample was 
taken to determine activity and, therefore, traces of H2O2 were not completely removed 
from the samples prior to assessing residual peroxidase activity. Carry-over amounts of 
of H2O2 could potentially affect the catalytic activity readings. However, under assay 
conditions, carry-over H2O2 is diluted further. The present method to determine 
oxidative stability was based on previous experimental methods within the group and 
from the literature (Hiner et al. 1996). 
 
4.3.3.2 Thermal stability of recombinant ancestral plant peroxidase 
 
4.3.3.2.1 Thermal profile 
 
A thermal profile on all samples was performed to estimate the enzymes’ approximate 
T50 (temperature at which 50 % residual enzyme activity is observed); see Figure 4.7. 
The recombinant ancestral plant peroxidase displayed poor to moderate thermal stability 
relative to the commercial peroxidases. Estimated T50 was 45 °C for the GP, whereas for 
commercial HRP A2, HRP C and SBP, T50 was 42 °C, 53 °C and 73 °C respectively.  
 
4.3.3.2.2 Thermal inactivation 
 
Thermal inactivation of the recombinant ancestral plant peroxidase at its T50 (45 °C) was 
assessed over period of 10 min. The percentage residual activity was fitted to a single 
exponential decay using the Enzfitter programme and the rate constant (k) was
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Figure 4.6. H2O2 tolerance profile. Profile of H2O2 stability of GP (green) compared to 






Figure 4.7. Thermal profile. Profile of thermal stability of GP (green) compared to 
HRP A2 (blue), HRP C (red) and SBP (black), (n = 3). 
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estimated, k-value = 0.0604 ± 0.0046 min-1. The apparent half-life (t1/2) was calculated, 
as per Section 4.2.4.14, to be 11.5 min. Thermal inactivation of commercial plant 
peroxidases was investigated at their respective T50 value. A summary of all thermal 
stabilities can be seen in Table 4.6 (n = 3).  
 
4.3.3.3 ABTS kinetics of recombinant ancestral plant peroxidase 
The extant plant peroxidases used in this study have previously been shown to follow 
Michaelis Menten kinetics, depicted by a hyperbolic curve of reaction rate versus 
substrate concentration (see Figure 4.8). Using the standard ABTS assay (as per Section 
4.2.4.15), the kinetics of the ancestral plant peroxidase and HRP C were investigated. 
Non-Michaelis Menten kinetics were evident, with a sigmoidal curve of reaction rate 
versus substrate concentraion resulting (see Figure 4.8). Sigmoidal kinetics is often 
associated with multimeric enzymes, which may be the case with the recombinant 
ancestral plant peroxidase. A dimer was evident during purification anaylsis in Section 
4.3.3. The GP enzyme may have been in a dimeric form during the preliminary kinetics 
experiments, which were performed in the absence of a reducing agent and/or substrate 
denaturant. Further detailed analysis into the kinetics and enzymatic characterisation of 
this ancestral plant peroxidase will provide greater insights into the evolution of this 
protein family. 
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Table 4.6: Thermal stability of plant peroxidases. 
 
Enzyme T50 (°C) k-value (min-1) SE (min-1) t1/2 (min) 
GP 45 0.0604 ± 0.0046 11.5 
HRP A2 42 0.0611 ± 0.0049 11.3 
HRP C 53 0.0647 ± 0.0051 10.7 
SBP 73 0.0534 ± 0.0077 13.2 
 
Thermal inactivation of recombinant ancestral plant peroxidase (GP) and commercial 
plant peroxidases at their respective T50 (n = 3). The single exponential decay rate 
constant (k) and apparent half-life (t1/2) for each enzyme were subsequently estimated 







Figure 4.8. ABTS kinetics. Steady-state kinetics of recombinant ancestral plant 
peroxidsae (GP (green)) and extant HRP C (red). The rate (!A405 nm/min) is the change 




Plant heme peroxidases are widely used in the biopharmaceutical and biotechnology 
sectors. Their operational potential is hampered by their thermal and oxidative 
stabilities. HRP A2, HRP C and SBP are members of the Class III secretory peroxidases, 
which are industrially important and all of which have their own set of desirable 
characteristics.  
 
These three plant heme peroxidases, although closely related, have very diverse 
enzymatic stabilities – in terms of heat and H2O2 tolerance (McEldoon, Dordick 1996; 
Henriksen et al. 2001; Kamal, Behere 2003). With the recent advent of molecular 
biology and comparative genomics, knowing how these stably-diverse enzymes are 
related makes it possible to reconstruct and resurrect an hypothetical common ancestor 
of these Class III family members;this ancestral peroxidase can act as a tool to explore 
the evolution of the diverse enzymatic stabilities of this protein family. 
 
The resurrection of such ancestral proteins may potentially recreate a protein that retains 
functional properties that may have been lost over millions of years by extant 
counterparts. From a fundamental science perspective, the study of ancestral proteins 
allows for a greater understanding of conditions millions of years ago, and gives a 
greater understanding about how proteins change over time. For example, studies on the 
evolutionary history of visual pigment proteins, incorporating the inference and 
synthesis of ancestral states of these proteins for the extinct archosaur, have revealed an 
ability to sense light under very low light levels, suggesting that ancient archosaurs, such 
as dinosaurs, existed under dim light conditions (Chang 2003). 
 
In this study we have resurrected, in its active form, a 113 million year old plant heme 
peroxidase de novo. In comparison to its extant counterparts, HRP A2, HRP C and SBP, 
this ancient enzyme possesses moderate thermal stability and an increased tolerance to 
H2O2, which are desirable characteristics for industry. One might speculate that perhaps 
a more volitile environment existed in the Cretaceous period of the Mesozoic era and 
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that the characteristics exhibited by this 113 MYO protein may have been advantageous 
under such conditions.  
 
The moderate thermal stability of this ancestral plant peroxidase is comparable to that of 
HRP A2. This may be attributable to the unstructured loops present only in the ancestral 
protein; see Figure 4.1b. These regions may be potential targets for future chemical 
modifications and/or protein engineering to increase the thermal stability of this ancient 
enzyme. 
 
The operational stability of peroxidases in their many industrial and biomedical 
applications is limited by oxidative inactivation of the enzyme. These extant Class III 
peroxidases are readily inactivated in the presence of excess amounts of their primary 
substrate, H2O2. Much work has been carried out to decrease this oxidative degradation 
of peroxidases, including enzyme immobilisation (van de Velde, van Rantwijk, Sheldon 
2001). Rational protein engineering to prevent/reduce this oxidative inactivation of 
peroxidases has been proposed (Valderrama, Ayala, Vazquez-Duhalt 2002). Increased 
tolerance to H2O2 will be beneficial in many sectors, predominantly in 
bioremediation/phenol clean-up.  The ancestral plant peroxidase described here exhibits 
over a 1.5-fold increase in oxidative stability with respect to the most H2O2 tolerant 
enzyme in this study, HRP A2. This is a desirable operational characteristic over its 
extant peroxidase counterparts. 
 
Preliminary characterisation of the enzyme kinetics of the ancestral plant peroxidase 
have revealed apparent sigmoidal (non-Michaelis Menten) kinetics atypical to the 
standard Michaelis Menten kinetics exhibited by its extant counterparts. Such sigmoidal 
kinetics is often associated with allosteric/multimeric enzymes that contain several 
interacting active sites; i.e. multi-subunit proteins with an active site in each subunit. 
Multimeric enzymes often give a sigmoidal rather than a hyperbolic (Michaelis Menten 
kinetics) curves due to the binding of one substate affecting the subsequent binding of 
additional substrates. This has been published previously for one notable example, the 
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multisubunit enzyme aspartate transcarbamoylase (Helmstaedt, Krappmann, Braus 
2001).  
 
This ancestral enzyme provides an excellent platform for future protein engineering and 
chemical modifications to investigate and enhance its catalytic and stability properties. 
Further biochemical characterisation of this 113 million year old plant peroxidase may 
unveil even more favourable traits for potential industrial and biomedical applications of 








Comparative genomics is the anaysis and characterisation of both the differences and 
similarities between genomes. Comparative genomics and bioinformatics have made it 
possible to trace the evolutionary processes that are responsible for the divergence of 
genomes and ultimately protein functions. The results of comparative genomic analyses 
not only provide invaluable insights into how species have evolved but also allow for a 
greater understanding of the functions of genes and multigene families; for example, the 
evolution of protein specificity.  
 
The exponential increase in the amount of gene and protein sequence data has placed 
molecular evolutionary biology at the forefront of biological sciences in the 21st 
century. Analysis of evolution at the molecular level considers the mutational processes 
that cause genetic variation in genes and genomes. These mutations can occur in several 
forms, including single nucleotide substitutions (e.g. synonymous/non-synonymous), 
insertion/deletion events and recombination. The fates of such mutations depend on the 
selective pressure acting on that region and also upon the effective population size. 
Genotypic variation may have an observable phenotypic effect, for example,  a change 
in gene function/biological activity of the expressed protein.  
 
Kimura proposed that the majority of evolutionary changes are due to the random 
fixation of neutral/nearly-neutral mutations, that is, through the process of random 
genetic drift (Kimura 1968; Kimura 1983). An alternative evolutionary mechanism is 
that of natural selection, where the overall outcome depends on the relative fitness of the 
genotypes competing for survival (reproductive success). Mutations that are deleterious 
to fitness are eventually eliminated from the population, known as purifying/negative 
selection. Desirable mutations that confer a selective/adaptive advantage are subject to 
the pressures of positive selection to become fixed in the continuing populations. 
Selectively neutral mutations, those that do not alter the overall fitness, are not 
influenced by the above pressures but drift through the population and may become 
fixed depending on the effective population size. 
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Following the process of gene duplication it has been observed that a number of 
alternative scenarios occur. The most important is the mechanism whereby one duplicate 
undergoes mutations that result in  a new function for that copy of the gene , in a process 
known as ‘neofunctionalisation’. While both duplicate copies are visible to natural 
selection in this scenario, the role of the original gene is maintained by one duplicate 
under a process of purifying selection. The second duplicate copy is free from the 
constraints of the original function and accumulates mutations at a higher rate as the 
selective pressure is relaxed on this copy. This duplicate copy can become subject to the 
pressures of positive selection/adaptive evolution, i.e. the aforementioned 
neofunctionalisation. 
 
Patterns of gene duplication and neofunctionalisation are classically observed in large 
functionally diverse protein families. Using phylogenetics, the patterns of gene 
duplication can be traced. Molecular evolutionary analysis of this phylogenetic tree and 
the corresponding alignment allows for the identification of what the selective forces are 
acting upon gene duplicates. In this thesis, the MHP protein family has been used as a 
case study to determine the process by which functional specificity of enzymes/proteins 
occurs over millions of years.  
 
In order to elucidate the possibility of using molecular evolution of a particular protein 
family to determine the substitutions responsible for shifts in specificity of proteins 
following gene duplication events, the MHP family were used as a case study. It was 
postulated that the detection of signatures of positive selection (adaptive evolution) 
across these enzymes would signify their observed functional shifts. The MHP have 
been classified into four main superfamilies; MPO, EPO, LPO and TPO. Previous 
studies have speculated on their relationship mainly from a functional viewpoint 
(Daiyasu, Toh 2000). This thesis (chapter 2), however, investigates the evolutionary 
processes at a molecular level that have influenced their functional diversity. 
 
The phylogeny of mammals has been resolved and has made studies such as this one 
possible (Murphy et al. 2001). When estimating mammalian gene trees, one would 
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expect the branching pattern of the gene tree would be congruent with that of the 
resolved mammalian tree. However this is not always the case. The resolution of 
mammalian gene phylogenies encounters many challenges in determining the true 
evolutionary relationship. A number of systematic biases/pitfalls exist in phylogeny 
reconstruction that result in greater support for the incorrect evolutionary relationship. 
These include: inadequate phylogenetic signal resulting from mutationally saturated or 
highly conserved positions, poor modelling of the evolutionary processes and biases due 
to evolutionary rate variation among species. Unequal evolutionary rates across lineages 
may result in the LBA phenomenon, where lineages that have accumulated a greater 
number of mutations tend to inherit a basal position in the reconstructed phylogeny. This 
is the most prevalent systematic bias and a number of approaches have been proposed in 
order to overcome this phylogenetic artifact including: (i) increasing data sample size 
with the aim of  breaking up long branch clusters, (ii) reconstructing the phylogeny on 
the slow evolving sites (‘Slow-Fast’ method), and (iii) using improved models of 
sequence evolution. Sampling more taxa to break up long branches is widely 
implemented to overcome this phenomenon. However a major shortcoming of this 
approach is that it is not suitable if all known taxa applicable to a study have been 
sampled when signatures of LBA still exist (Bergsten, Miller 2004). Another drawback 
of this approach is that addition of taxa may not be benefical and pose new problems, 
mainly due to their branch lengths and positioning on the tree (Poe, Swofford 1999). 
Inference methods such as maximum parsimony implement overly simplified models of 
sequence evolution and have been shown to be more susceptible to LBA (Philippe et al. 
2005b). Inference methods incorporating improved models that take rate-heterogeneity 
into account are believed to be less sensitive (e.g. ML).  However when poor model 
assumptions are made such inference methods may also suffer from this phylogenetics 
artifact (Bergsten 2005). 
 
In chapter 2 of this thesis, the initial  MHP phylogeny revealed the order of gene 
duplication events, where it is evident that there is an MPO-EPO-LPO MRCA arising 
from a gene duplication with the ancestor of extant TPO. This supports previous 
hypotheses from functional predictions. A further duplication event gave rise to the 
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common ancestor of MPO and EPO and the lineage leading to extant LPO.  The final 
and most recent duplication was in the MPO-EPO MRCA leading to the extant MPO 
and EPO clades. This initial phylogeny had signatures of LBA within the functional 
clades, where the branching pattern of the species sampled was not in agreement with 
the resolved mammalian phylogeny. As such, a ‘Slow-Fast’ approach was applied to 
overcome this artifact, whereby the most rapidly evolving sites were sequentially 
removed, and at each stage the representative phylogeny was estimated and its topology 
was compared with that of the expected resolved phylogeny. This approach resulted in 
the minimisation of LBA, yielding a highly supported fully resolved phylogeny for the 
MHP – estimated by two methods of phylogeny reconstruction, with both resultant 
phylogenies in agreement.  
 
However, it is noteworthy that the ‘Slow-Fast’ approach implemented in this thesis is 
not without its limitations. It is an approximate method for a complex evolutionary 
dynamic. Current methods for classifying the rate of evolution of sites in an alignment 
depend on the use of a bona fide phylogenetic tree. This means that data is classified on 
how well it fits this phylogeny. Such an approach is only suitable when there is high 
confidence/support that the phylogenetic relationship is true. For example, in 
mammalian systematics, the branching pattern of mammals is known, therefore, if the 
effects of LBA are minimised, the result is that branching pattern of the species sampled 
will be congruent with the known relationship of the species sampled. This is not the 
case for all datasets (e.g. bacterial datasets). If this initial tree is incorrect by removing 
those sites that conflict with the initial evolutionary relationship (e.g. most rapidly 
evolving sites), the resultant phylogeny is likely to be incorrect thus increasing the 
support for the wrong tree, resulting in somewhat of a circular argument. As such, this 
approach is not applicable when dealing with difficult phylogenies where there is no 
prior knowledge of the true evolutionary relationship of the species sampled. This 
circularity is something that should be addressed in the future with those developing 
methods for analysis of rates of substitution across sites.  
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Using this fully resolved phylogeny, positively selected sites have been identified, 
through the use of Bayesian estimations, unique to all four MHP: MPO, EPO, LPO and 
TPO. The activity of peroxidases is dependent on the presence and correct conformation 
of the heme group (Neves-Petersen et al. 2007). The conserved proximal histidines that 
are crucial for correct heme conformation are in close proximity to sites under positive 
selection in MPO, EPO and LPO. The majority of positively selected sites identified are 
in close proximity to catalytically important residues, suggesting that they may 
potentially be linked to functional shifts across the MHP. Many of these identified 
residues are also in neighbouring sites implicated in protein misfolding, loss of function 
or disease state. 
 
Several claims have been made hypothesising the influence of positive selection on 
functional divergence but few have empirically illustrated the connection between 
evolutionary and functional shifts (e.g. Levassuer et al. 2006). A recent study has 
higlighted the need for experimental validation of in silico predictions of positively 
selected sites (Hughes 2008; Yokoyama et al. 2008). Yokoyama et al. (2008) 
investigated the evolution of phenotypic adaptations using visual pigments in 
vertebrates. They identified eight sites as being under positive selective pressure. Upon 
in vitro mutational analyses, these sites revealed no significant influence on the 
adaptation of rhodopsin sensitivity. Such a study emphasises the necessity to provide 
experimental evidence to support/validate computational analysis.  
 
Chapter 2 of this thesis shows, from a molecular perspective, the relationships within the 
MHP multigene family and suggests that, following gene duplication, positive selection 
has led to the observed functional diversity among its family members.  Using a cross-
disciplinary approach in chapter 3, a small number of positively selected sites were 
analysed in detail in the MPO clade. This was done to investigate if there was a tangible 
connection between adaptive evolution and functional shift. Genetic abnormalities 
within the MPO gene are reflected by the disease state, MPO deficiency, which is 
marked by a loss/reduction in the enzyme’s in vivo biological function (bactericidal 
immune response). Genotyping of a number of MPO deficient patients has revealed up 
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to five missense mutations (Nauseef, Brigham, Cogley 1994; Nauseef, Cogley, 
McCormick 1996; Romano et al. 1997; DeLeo et al. 1998; Ohashi et al. 2004; Persad et 
al. 2006; Goedken et al. 2007). Studies of the cellular fate of a number of these 
polymorphisms revealed aberrant processing of mature functional MPO (Nauseef, 
Cogley, McCormick 1996; Goedken et al. 2007). It is generally accepted that MPO’s 
primary function is the generation of the potent cytotoxic agent  HOCl. This 
differentiates MPO function from its MHP counterparts. 
 
To test the hypothesis that positively selected amino acid residues are essential for the 
unique function of MPO a directed mutagenesis approach was applied. This was 
followed by biochemical analyses of the effects of mutating these residues at a 
molecular and phenotypic level, similar to the investigations of known causative 
mutations (Nauseef, Cogley, McCormick 1996; Goedken et al. 2007). Site directed 
mutagenesis was performed on two sites, Y500 and L504, identified from the in silico 
evolutionary study presented in chapter 2. These sites were chosen based on: (i) their 
closeness to the proximal heme ligand, His 502, and to the known MPO deficient 
mutants, R499C and G501S, and (ii) the confidence score from the in silico predictions.  
 
From the results presented in chapter 3 it is evident that these positively selected 
residues within the MPO protein are involved in the observed protein functional shift. 
Pulse-chase and functional analyses revealed that there was a profound effect on the 
cellular fate and activity of MPO following mutation of these positively selected 
residues both independently and in combination (Y500F, L504T and double mutant 
Y500F-L504T). The synthesis of total MPO was not greatly influenced by the mutations 
- however the proteolytic processing into mature MPO was disrupted. To reiterate, the 
activity of peroxidases is dependent on the presence and correct conformation of the 
heme group (Neves-Peterson et al. 2007). There is an apparent maturational arrest in the 
biosynthetic processing of MPO between the two precursors, apoproMPO and proMPO. 
This is the point at which the prosthetic heme is normally incorporated. The impact of 
these mutations on the peroxidation and chlorination activity of MPO revealed the 
biological significance of the in silico predictions. MPO’s peroxidation activity was 
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significantly reduced upon mutation. The unique property of MPO, production of the 
potent oxidant, HOCl, was obliterated following mutation of positively selected 
residues. This would suggest that these residues have been positively selected in the 
MPO lineage, as they accommodated the beneficial new function of chlorination activity 
and the production of HOCl.  
 
This thesis has reviewed how molecular phylogenetics can be used to trace evolutionary 
processes such as gene duplications and adaptive evolution (neofunctionalisation) and 
how one can empirically test what role positive selection plays in functional divergence. 
Molecular phylogenetics, together with paleogenetics (paleomolecular biology), has the 
capacity to provide invaluable insights into the evolutionary path that produced observed 
functional differences. Paleomolecular biology is the resurrection and study of ancestral 
gene/protein states preduplication. Alternative to neofunctionalisation, the function of an 
ancestral state may be partitioned between two duplicates (i.e. subfunctionalisation). 
Subfunctionalisation is where both copies are subject to partial mutational degradation to 
maintain a complementry function that fulfils the essential function(s) of the ancestral 
gene. Such duplicate copies may be subject to  subsequent neofunctionalisation (Mazet, 
Shimeld 2002). Ancestral functions may have also been lost over time due to nonsense 
mutations occurring within regulatory and/or protein coding regions. Ancestral protein 
resurrection can potentially connect ancient sequences to ancient molecular phenotypes, 
some of which may have desirable characteristics. 
 
Enzymes are routinely used in biotechology applications (both biomedical and 
industrial). Protein engineering has applied both rational design and directed evolution 
to generate tailor-made proteins with the aim of increasing the operational efficacy of 
enzymes used in the biotechnology sector. Evolutionary biology provides crucial 
theoretical insights into protein function and can lend itself towards more efficient 
protein engineering approaches. Not only can paleomolecular biochemistry provide 
insights into mechanisms of evolution, it can potentially harness biological 
functions/processes that may have been lost over time, which may be beneficial in 
biomedical or industrial applications today.   
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The other major heme peroxidase family, the non-animal heme peroxidases (plant, 
bacteria and fungi) specifically class III plant heme peroxidases,  were used as a case 
study in chapter 4 of this thesis, to determine if evolutionary theory (namely 
paleogenetics) can be used to design enzymes with desirable characteristics for industry. 
This family of enzymes has been extensively exploited in biopharmaceutical and 
biotechnology sectors through applications such as immunosensing technologies and 
industrial waste clean-up (Ryan, Carolan, O'Fagain 2006). The evolutionary relationship 
of this family of enzymes has been resolved (Duroux, Welinder 2003) and, as such, it is 
possible to reconstruct and resurrect an hypothetical common ancestor of these family 
members.  
 
Chapter 4 presents the de novo resurrection of an active 113 million year old plant heme 
peroxidase. In comparison to its extant counterparts, which include the industrially 
relevant HRP and SBP enzymes, this ancient enzyme possesses moderate thermal 
stability and an increased tolerance of the extant enzymes’ primary substrate, H2O2. The 
operational stability of its extant counterparts is limited by oxidative inactivation by 
H2O2 (substrate suicide inactivation). As such, these are desirable characterics for 
biomedical and industrial applications over the ancient protein’s extant counterparts. 
Although only preliminary biochemical characterisations have been performed, it is 
evident that this ancient plant heme peroxidase provides an excellent test bed for future 
protein engineering and chemical modifications to enhance its catalytic and stability 
properties. 
 
The heme peroxidases have been used as a case study for protein evolutionary dynamics 
in this thesis. The results presented in chapter 2 and 3 illustrate how the intersection of 
evolutionary theory with molecular biology techniques is a robust and innovative 
approach for allowing a greater understanding of the mechanisms of specificity and 
functional diversity in enzymes/proteins. These findings present a rare and unequivocal 
link between positive selection/adaptive evolution and protein functional shift. Chapter 4 
highlights the potentials of evolutionary theory in designing tailor-made enzymes with 
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desirable characteristics for industry. The work presented here has provided an 
invaluable insight into the molecular evolution of proteins and the refinement of protein 
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